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Water is becoming increasingly important as the population over the world continues 
to grow, which leads to the increasing demand of portable water. In addition, the 
pollution of water is causing the shortage of fresh water suitable for consumption. 
Thus, it is necessary to reclaim water from used water or wastewater to overcome the 
water shortage problem through advanced technologies such as reverse osmosis 
process and membrane bioreactor. Currently, membrane technology is preferred for 
wastewater reclamation because of its high contaminant rejection and water 
productivity. Forward osmosis membrane bioreactor (FO-MBR) is a combination of 
forward osmosis (FO) and membrane bioreactor (MBR) to treat wastewater. It 
requires lower energy compared to the conventional MBR. With a nanofiltration (NF) 
process as the reconcentration process for the draw solution from the FO-MBR, draw 
solution can be reused in the FO process while clean water is being produced. A 
suitable draw solution is one of the key factors in determining the efficiency of the 
process as it affects the water productivity of the system and determines the suitability 
of the process for producing freshwater from the diluted draw solution and reusing the 
draw solution in the FO process. In addition, the reverse diffusion of the draw solute 
from the draw solution across the FO membrane back into the mixed liquor also has 
an impact on the biological process. In this study, an optimal FO membrane module 
design was investigated before a suitable draw solution was selected, as it could 
maximize the effective membrane area for draw solution to transport water. 
Thereafter, a suitable draw solution was selected with this module design and used in 
the wastewater treatment process to investigate the performance and fouling 






Three FO membrane modules were chosen to study the water fluxes and reverse salt 
fluxes in the FO process. From the results of water fluxes, it can be concluded that the 
6-chamber FO membrane module was able to achieve highest water flux among the 
three modules. The FO membrane module with 4-chamber had a lower water flux 
which was due to the less effective membrane area because it had a shorter draw 
travel path as compared with the 6-chamber module. The 1-chamber module had a 
large volume of dead zone, which suggested that there was a large area of membrane 
not being utilized for water diffusion. From the results of the reverse salt flux, it was 
observed that the reverse salt fluxes generated by the two draw solutions individually 
with the 3 different FO membrane modules were all lower than 1 g m-2 h-1. This was 
because the FO membrane was a highly selective membrane which was able to retain 
almost all the solutes with high rejection rates. The 6-chamber FO membrane module 
was a suitable design for the FO-MBR as it was able to generate a high water flux 
with a large effective membrane area. FO membrane module design plays an 
important role in transporting water through optimizing the effective membrane area 
and therefore improving the water productivity. Very limited studies were conducted 
on FO module design. Thus, this study provides information on the effect of FO 
module design on water productivity. 
 
Draw solution serves as a key role in the FO process owing to the driving force, 
known as osmotic pressure, it produces. With a variety of draw solutions, various 
osmotic pressures as well as reverse salt fluxes are produced in the FO process. Hence, 
it is necessary to choose a suitable draw solution for FO-MBR. 5 Draw solutions were 





and water fluxes and rejections in the NF process. From the results of the FO tests, it 
was found that MgCl2 and the mixture of Na2SO4 and MgCl2 as draw solutions were 
able to achieved high water fluxes; while Na2SO4 and the mixture of MgSO4 and 
MgCl2 as draw solutions had relatively lower water fluxes. However, the reverse salt 
fluxes of the two mixed salts as draw solutions were higher than all the draw solutions 
with single salt. Na2SO4 had a lower reverse flux than MgCl2. The water flux 
produced by MgSO4 as draw solution was too low, although the reverse flux was also 
low. From the results of the NF tests, MgSO4 was found to have the highest rejection 
with a fairly high water flux. Na2SO4 also had a relatively high salt rejection while the 
water flux was similar to the mixture of MgSO4 and MgCl2. However, the rejection of 
the mixed solution of MgSO4 and MgCl2 was lower than that of Na2SO4. Mixed 
solution of Na2SO4 and MgCl2 as a draw solution achieved the highest water flux yet 
the rejection was the lowest. Therefore, Na2SO4 was considered as the most suitable 
draw solution for the FO process in terms of high water flux, low reverse salt 
diffusion and high rejection. A number of studies on draw solution selection were 
conducted by researchers. However, there is no best draw solution that is applicable to 
all the processes. Each process requires different draw solution to maximize its 
performance. For this study, the FO process was coupled with NF process as the post-
treatment, thus Na2SO4 was the most suitable draw solution for the process in terms of 
water flux and permeate quality.  
 
With the 6-chamber FO membrane module and Na2SO4 as the draw solution, a 
laboratory-scale low fouling FO-MBR system coupled with NF as a reconcentration 
process was conducted to study the performance and fouling of FO-MBR with 





Results on the quality of the final product water from the NF system showed that the 
removal efficiencies of TOC and COD were both above 95% for all three MCRTs. 
Conductivities and total dissolved solids (TDS) of the final product water for the three 
MCRTs were all lower than 500 us/cm and 400 mg/L, respectively. Results also 
indicated that all the three FO-MBRs under three different MCRTs had very low 
fouling propensity during the operation. The concentration of EPS decreased as the 
MCRT of the FO-MBR was increased while the concentration of SMP increased with 
the increase of the MCRT of the FO-MBR. Water flux of the 10-d MCRT FO-MBR 
showed the most significant reduction compared with that of the 3- and 5-d MCRT 
FO-MBRs. The reduction of water flux was mainly due to the reduced effective 
osmotic driving force across the FO membrane. From the results of the SEM and 
EDX, there might be some scaling phenomenon occurring on the FO membrane 
surface of the FO-MBR operated at 10-d MCRT as the salt concentration in the mixed 
liquor was the highest among the 3 MCRTs. Results on the backwash study indicated 
that bi-monthly backwash was an appropriate option for FO membrane cleaning. FO-
MBR shows a great potential in wastewater treatment with a low energy cost and 
decent performance, however, there are very few studies on FO-MBR. The results of 
performance and fouling of FO-MBR in this study agree with that of the FO 
wastewater application studies by Achilli et al, Lay et al, Cornelissen et al and Mi and 
Elimelech, which indicated that FO-MBR had a high contaminant rejection and low 
fouling propensity.   
 
Keywords: Forward osmosis membrane bioreactor, draw solute, water flux, rejection, 








EDX                        －                  Energy-dispersive X-ray Spectroscopy 
FO                            －                 Forward Osmosis 
IC                             －                 Ion Chromatography 
MBR                        －                 Membrane Bioreactor 
MCRT                      －                  Mean Cell  Residence Time 
NF                            －                   Nanofiltration 
RO                            －                  Reverse Osmosis 
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As the global population and industry grow, freshwater is becoming increasingly 
important to every region of the world. Some regions such as Sudan, Venezuela and 
Cuba already showed water shortages because there were inadequate drinking water 
in those regions. The uneven distribution of the water resources, water pollution and 
contamination including surface water and groundwater made the problem of water 
shortages more severe. Fresh water is a key factor that determines the survival of the 
human race. Thus it is necessary to search new ways to produce sufficient clean water 
for consumption.  
 
Recently, membrane technology is widely studied and applied in water and 
wastewater treatment to produce clean water. In wastewater treatment field, MBR is a 
preferred choice compared with conventional treatment processes because of the its 
numerous advantages, e.g., higher effluent quality, smaller footprint, less excess 
activated sludge production, etc. (Wisniewski, 2006; Matošićet al.,2008; Wenet 
al., 2010).  
 
The forward osmosis (FO) process is a membrane process that utilizes the natural 
osmosis phenomenon for water transport from a dilute solution to a concentrated 
solution, across a highly selective membrane. Forward osmosis membrane bioreactor 
 
Chapter One - Introduction 
2 
 
(FO-MBR) which is the combination of FO and MBR process is recently studied and 
proposed as an alternative method to treat wastewater because of its lower energy 
requirement and lower fouling propensity compared to the conventional MBR. While 
MBR uses suction force to produce effluent, FO-MBR utilizes an osmotic driving 
force generated by the draw solution, transporting water through the FO membrane. 
The transportation of water dilutes the draw solution. When the draw solution is 
sufficiently diluted, a post-treatment process, e.g. nanofiltration (NF) or reverse 
osmosis (RO), could be used to reconcentrate the draw solution for reuse in the FO 
process and simultaneously produce a high quality product water.  
 
The challenges for the FO-MBR process are the selection of a suitable draw solution, 
optimization of the FO-MBR operating conditions and the lack of understanding of 
the fouling effects on the FO membrane. A suitable draw is a key factor that affects 
the product water quality and water productivity of FO-MBR system because the 
draw solution has an impact on the water flux, diffusion of draw solutes into the 
mixed liquor and the final quality of water from the post-treatment process. The 
reverse salt diffusion from the draw solution causes the increase of the salt 
concentration in the mixed liquor, which affects the environment for the 
microorganisms. This will potentially lead to decreased treatment performance. Thus 
the final product water quality might be lower. Additionally, in order to achieve high 
water productivity in the FO process, a suitable draw solution must be able to 
generate high osmotic pressure to produce high water flux. Different draw solutions 
can generate different osmotic pressures for driving force and have different internal 
concentration polarization (ICP) effects which are believed to be the major factors 
that limit the water flux in osmotically driven membrane process (McCutcheon and 
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Elimelech, 2006; Tan and Ng, 2008). Besides, the reverse salt diffusion from the draw 
solution into the feed solution also have a harmful impact on operations (Achilli A. et 
al., 2010).Therefore, selection of a suitable draw solution becomes very crucial.  
 
FO membrane is expected to have a lower fouling propensity compared with the 
conventional MBR membrane. The conventional MBR uses an external suction force 
to produce effluent. Through this, fouling of the membrane is a major issue as the 
suspended solids and other organic matters can approach membrane surface and 
deposit on it easily, and furthermore, the membrane pores can be blocked (Juddy, 
2006). This causes an increase in the suction pressure in order to maintain a constant 
flux. FO-MBR utilizes osmotic driving force to produce flux through a FO membrane 
rather than suction pressure. As such, the contact between suspended solids and 
membrane is reduced significantly. Together with the scouring effect of the aeration 
from the bottom of the FO-MBR, membrane fouling can be minimized. It has been 
reported that both reversible and irreversible membrane fouling were not severe in FO 
process using activated sludge as a feed (E.R. Cornelissen et al., 2008). With a 
backwash scheme, FO-MBR had a low membrane fouling propensity and high water 
flux recovery. In addition, it is possible to produce a high quality final permeate with 
high removal efficiency of TOC and NH4
+-N (Achilli A., et al. 2009). Mi and 
Elimelech (2009) has also reported that alginate fouling in FO process was almost 
fully reversible with a higher than 98% of water flux recovery for a short running 
period.  
 
Salt accumulation is another key issue in FO-MBR operation. There exists a salt 
accumulation problem in FO-MBR as the system utilizes highly selective FO 
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membrane to separate the contaminants and water. High rejection FO membrane is 
able to provide a high separation between the solutes and water. However, it also 
caused salts to accumulate in the mixed liquor (Lay et al., 2009). The salts come from 
the influent wastewater and reverse diffusion of the draw solutes through the FO 
membrane. The discharge of the accumulated salts from the FI-MBR can only be 
achieved through daily biomass wasting, which is not sufficient for the removal of all 
the incoming salts. Therefore, salt accumulation occurs. The membrane performance, 
mixed liquor characteristics and system efficiency will be affected by the high salt 
concentration environment (Lay et al., 2009).  
 
FO-MBR is a potential alternative for the treatment of wastewater and production of 
fresh water. With a reconcentration process such as NF and RO, clean water of high 
quality is able to be produced (Cath and Elimelech, 2006).However, very limited 
researches were done in the past to investigate the membrane fouling and salt 
accumulation effects on the operation conditions and performance of the system. 
Therefore, it is necessary to study the performance and fouling mechanism of FO-
MBR.  
 
1.2 Objectives and Scope of the Study 
The main objective of this study is to investigate the feasibility of FO-MBR in 
treating wastewater into drinking water. The study includes FO module design 
selection, draw selection, FO membrane fouling mechanism, and product water 
quality evaluation. 
The scope of this research includes: 
 




I. To develop an optimal FO module with design selected from three designs 
including 1-chamber, 4-chamber and 6-chamber. The water flux and reverse salt 
flux of them will be compared to determine the most suitable FO module design 
for FO-MBR used for domestic wastewater treatment. 
 
II. To determine the performance of the FO-MBR and the NF process using 
different draw solutions, 0.7M namely Na2SO4, 0.7M MgCl2, 0.7M MgSO4, a 
mixture of 0.35M Na2SO4 and 0.35M MgCl2 and a mixture of 0.5M MgCl2 and 
0.2M MgSO4. The comparison of water flux and solute rejection will be 
conducted to determine the most suitable draw solute for the FO-MBR and NF 
process. 
 
III. To study the FO membrane fouling phenomenon and salt accumulation effects 
in the FO-MBR under different mean cell residence times (MCRTs). The 
fouling severity of the FO membrane in the FO-MBR will be compared to 
evaluate the effect of MCRT on the membrane fouling. The effects of salt 
accumulation on biological treatment performance will also be investigated. 
 
 
IV. To study the treatment performance of FO-MBR coupled with NF as 
reconcentration process under different MCRTs. The contaminant removal 
efficiency, product water quality and water productivity of the whole system 
with the FO-MBR operating at different MCRTs will be studied. 
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1.3 Outline of Thesis 
This thesis presents the study on FO-MBR for domestic wastewater treatment 
including FO module selection and draw selection using laboratory-scale FO-MBRs; 
and the NF process for draw solute rejection and water production. Chapters one and 
two present the background of FO-MBR process and current related studies by other 
researchers. Chapter three shows the experimental design and set-up of FO-MBR 
system, the system operational conditions, sample testing methods and materials used 
in this study. Chapter four presents the discussion on the experimental results 
including module design selection, draw selection, FO-MBR fouling effect and water 
performance studies, and the performance of the NF process. Chapter five presents 
the conclusion drawn from the experimental results and the limitations found during 
the experiments. Recommendations and suggestions are proposed for future study on 
FO-MBR. 
 






2.1 Membrane separation technology 
2.1.1 Introduction 
As the increasing demand of fresh water all over the world and the available fresh 
water resource remain limited, it is very necessary to develop new technologies to 
reclaim clean water from used water or wastewater. Membrane technology has been 
widely studied and used to separate the solute from the water to produce clean water. 
Membranes served as filters in the separation processes and have a wide range of 
applications. With membrane technology, high quality water can be produced from 
used water or wastewater for reuse and consumption. Membranes also can be used as 
alternatives for other water treatment technologies such as ion exchanges, sand 
filtration and adsorption.   
 
Membrane serves as a barrier in the separation process that blocks the unwanted 
particles and dissolved solutes, and allows the smaller particles or only water to pass 
through, depending on the type of membrane used. There are two membrane filtration 
configurations, namely dead-end and cross-flow filtrations (Fig. 2.1). In a dead-end 
filtration process, the influent fluid flow travels perpendicularly to the membrane 
surface and the solutes deposit on the membrane surface. Periodic interruption of the 
process is needed in order to clean or change the membrane due to pore blocking and 
cake formation by the solutes. In a cross-flow membrane filtration process, the 
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influent fluid flows parallel to the membrane surface. The solutes that deposit on the 
membrane surface are sheared off by the influent flow, with efficiency that depends 
on the cross-flow velocity. The membrane fouling of cross-flow filtration is typically 
less severe compared with the dead-end filtration.  
 
(a)                                                                              (b) 
Figure 2.1 Schematic diagram of two different configuration for membrane filtration: (a) 
dead-end; and (b) cross-flow. 
 
2.1.2 Membrane development history 
The first study of membrane filtration was conducted by French Abbe Nollet in 1748. 
He used an animal bladder to cover the mouth of a vessel which he placed “spirits of 
wine” in the vessel and the mouth of the vessel was then immersed in pure water. The 
bladder served as a semi-permeable membrane and it was more permeable to water 
than wine. Hence, pure water diffused into the vessel, expanding the bladder and burst 
it at times. This was the first time that water diffusion through a semi-permeable 
membrane was demonstrated (Lonsdale, 1982). After that, the diffusion law was 
discovered and published by Fick in 1855 and the diffusion law is still used today to 
explain the first order membrane diffusion phenomenon. The first semi-permeable 
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the same year (Lonsdale, 1982). Thomas Graham, who published the law of gas 
diffusion, also used synthetic membrane to conduct the measurements of dialysis in 
1860s and discovered the different permeability of the different gases through rubber 
(Lonsdale, 1982). At the same time, osmotic phenomena were studied by Tuaube, 
Pfeffer, van’t Hoff and other researchers. The study included a membrane made from 
cupric ferrocyanide and unglazed porcelain. The work established the relationship of 
the osmotic pressure (Lonsdale, 1982). 
 
2.1.3 Membrane types 
After the early studies of the membrane filtration phenomena, the development of 
membrane technology expanded rapidly and broadly. Today there are four popular 
type of membrane processes, namely, microfiltration (MF), ultrafiltration (UF), NF 
and RO, widely used in different fields. Tables 2.1 and 2.2 show the comparison of 
















Table 2.1 Comparison of membrane structures. 
 
Technology Structure Driving Force Mechanism 
Microfiltration Symmetric microporous  
(0.02-10 um) 
Pressure, 1-5 atm Sieving 
Ultrafiltration Asymmetric microporous  
(1-20 nm) 
Pressure, 2-10 atm Sieving 
Nanofiltration Asymmetric microporous  
(0.01-5 nm) 
Pressure, 5-50 atm Sieving 
Reverse Osmosis Asymmetric with homogeneous 
skin and microporous support 
Pressure, 10-100 atm Solution 
diffusion 
 
Table 2.2Membrane materials and characteristics for different type of membrane. 
 
Technology Materials Polar Character 








Ultrafiltration Polysulfone (PSUF) 
Dynel 




Nanofiltration Polyvinylidene (PVDF) Polar 












MF membranes are made from a polymer solution. Through exposing the polymer 
solution into the humid air, the water from the atmosphere exchanges with the solvent 
in the polymer solution. After removing the water from the membrane by drying, the 
porous structure forms. The MF membrane consists of two layers: the dense layer and 
porous layer. Dense layer is the top surface layer where polymer exchanges solvent 
with the water from atmosphere, and porous layer is the intermediate layer which is in 
contact with the supporting material. The pore size of the membrane can be controlled 
through the change of the composition of the casting solution. MF membrane pore 
sizes range from 0.1 to 10um. MF membrane has a number of applications, which 
includes the MBR process which separates bacteria and organic matters from 
biologically treated wastewater. Through the membrane separation, the bacteria and 
organic matters are retained in the feed water and only those particles that smaller 
than the membrane pore size are able to pass through. The separation provides very 
high quality effluent and high water productivity compared with the conventional 
activated sludge treatment process. 
 
UF is a membrane separation process which suspended solids and high molecular 
weight solutes are retained by the membrane, allowing water and lower molecular 
weight solute to pass through. UF membranes are similar to the MF membranes 
except that the UF membrane has pore sizes that is smaller those of the MF membrane, 
resulting in rejection of solutes with smaller molecular size. The molecular size of 
solute that can be retained by UF membranes ranges from 103 to 106 Da. UF 
membranes can be made from different polymers, including cellulose acetate (CA), 
polyvinyl chloride (PVC), polyamides (PA) and polysulfone (PS)(Cheremisinoff, 
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2002).Today, three types of UF (also MF) membrane are available: hollow fibres, 
tubular membrane and spiral wound membrane module.  
 
For hollow fibre membrane, the feed water commonly travel outside the fibre and the 
water is permeated into the fibre and is being collected from the ends of the fibre. In 
tubular membrane, the feed solution travels in the core of the membrane and the 
permeate is collected from outside the membrane. Spiral wound membrane module 
contains large consecutive layers of membrane and support materials are rolled up 
together into a module.  
 
NF membrane is one with pore sizes ranging between UF and RO membrane. The 
pore size of the membrane is about 1 nm, with molecular weight cut off of less than 
1000 Da. NF membrane has a high rejection of divalent or multi-valent ions but low 
rejection of monovalent ions. This is due to the bigger size of divalent or multi-valent 
ions and the smaller size of the monovalent ions then the membrane pores. The 
transmembrane pressure needed for the NF separation is lower than that in RO. NF 
can be applied for treatment of brackish water and increasingly in desalination.  
 
In the RO process, water molecules diffuses from a high concentration solution into a 
low concentration solution through a semi-permeable RO membrane in the presence 
of a high pressure, which is higher than the feed water osmotic pressure. The RO 
membrane between the two solutions serves as a barrier that effectively prevents the 
transportation of dissolved solutes. The RO process is being used in many 
applications such as water reclamation, seawater desalination and production of 
demineralised water for semiconductor manufacturing. For example, RO process is 
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being used to produce the Singapore NEWater which utilizes the RO process to treat 
the MF pre-treated secondary effluents and the UV disinfection for RO permeate 
post-treatment (PUB, Singapore).  In addition, RO is a more economical process that 
can be used in the food industry for liquid concentrating than the conventional 
thermal process. This is because RO process uses lesser energy and is able to protect 
valuable and sensitive substances, such as protein, enzyme, nutrients, presence in the 
liquid food (e.g., fruit juice) from being deformed by heat (Merry, 2010).  
 
2.1.4 Membrane fouling 
Membrane fouling is the key issue all membrane separation processes. It affects the 
separation efficiency and water productivity of the whole treatment system. Thus it is 
necessary to effectively control or minimize the development of fouling layer on the 
membrane surface. Membrane fouling of MF/UF membrane module for wastewater 
treatment is a common problem in the MBR system. Due to direct contact of influent 
wastewater and biomass with the membrane, the attachment of organic matters and 
suspended solids onto the membrane surface is commonly found during operation. 
The occurrence of foulants on the membrane surface block the membrane pores, 
causing the low permeate production and increase of transmembrane pressure. 
Membrane scaling is also a significant issue that causes the low performance of the 
RO process. Due the high rejection of RO membrane, a large amount of salt solute is 
retained in the feed water, which causes the increase in salt concentration, particularly 
at the membrane surface. When the solute concentration exceeds its solubility limits 
in the water, the excess solute precipitates on the membrane surface, forming scales 
and causing membrane pore blocking. Hence, it is necessary to minimize the 
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formation of foulants and prevent solute precipitation on membrane surface, and 
develop effective methods for membrane cleaning to achieve high and sustainable 
membrane performance. Membrane backwash and chemical cleaning are the most 
frequently used ways to clean fouled membrane. However, backwash and chemical 
are not able to fully recover the membrane performance though chemical cleaning can 
achieve a higher flux recovery than backwash.  
 
2.1.5 Membrane market 
With the increasing demand for fresh water over the world, membrane usage has 
increases significantly over the years. The global membrane market is expanding 
because membrane technologies applied more and more widely to different fields 
over the world. It is reported that the membrane market in the industrial water and 
wastewater fields is expected to increase from $2.3 billion in 2008 to reach $5.5 
billion in 2015, at a Compound Annual Growth Rate (CAGR) of 13%(BCC Research). 
The increasing demand of MF membrane in industrial wastewater treatment is 
expected to contribute a large part to the whole membrane market. The global market 
of MF is as shown in Fig. 2.2. With the increase in usage membrane, capital cost of 
the membrane and operation cost are also reducing. This stimulates the growth of the 


















Figure 2.2 The global market of MF membrane from 1990 to 2015 (BCC Research). 
 
2.2 Forward osmosis 
2.2.1 Introduction 
FO process is a natural process which the water in the lower concentration solution 
travels to a higher concentration solution through a selectively permeable membrane. 
Different concentration solutions generate different osmotic pressure. The osmotic 
pressure increases as the concentration of the solution increases. The produced 
osmotic pressure is the driving force that is used for the water transportation from a 
low concentration solution to a high concentration solution. FO membrane plays an 
important role in FO process. The FO membrane is able to prevent almost all the 
dissolved solutes from passing through the membrane while only allowing  water 
molecules to diffuse through. Due to this, after the transportation of the water, the low 
concentration solution becomes concentrated and the high concentration solution 
becomes diluted. As a result, the water transportation flux will reduce with time 
because the effective osmotic pressure across the membrane reduces. The effective 
osmotic pressure across the membrane is the driving force of the water transportation. 
As the transportation of the water proceeds, the difference in the concentration of the 
 
Chapter Two - Literature Review 
16 
 
solutions on the two sides of the membrane decreases gradually. Eventually, the 
concentrations of the two solutions reach about the same level from which water 
transportation would cease. The FO working mechanisms is as shown in Fig. 2.3. 
 
Figure 2.3FO process with NaCl as draw solution 
 
In the illustration shown in Fig.2.3, the chemical used in the process is NaCl. Water 
molecules diffuse from the low NaCl concentration (known as the feed solution) to 
the high NaCl concentration (known as draw solution). The high NaCl concentration 
solution is able to generate an osmotic pressure, the driving force, for the water 
diffusion. As the concentration of the draw solution increases, its osmotic pressure 
increases. However, the increase of the osmotic pressure in the solution may not be 
proportional to its concentration. Figure 2.4 shows the relationship between solution 
concentration and osmotic pressure for selected salts. It can be observed that all the 
osmotic pressures of the various solutes increases with increasing concentration of the 
solutions. Different salt solutions generate different osmotic pressure and the 




low concentration  
NaCL solution









Figure 2.4 Osmotic pressures as a function of solution concentration at 25
o
C (Cath et 
al.,2006). 
 
2.2.2 FO key consideration – draw selection 
As mentioned in the introduction of FO process, different draw solutions are able to 
generate different osmotic pressures. The osmotic pressure is the driving force for the 
water diffusion from the feed solution to the draw solution through a highly-selective 
FO membrane. Different draw solutions also possess different chemical and physical 
characteristics which affect the performance of the FO process. For example, some 
draw solute is able to generate high osmotic pressure with relatively low 
concentration and to produce high water flux, but the solute rejection bythe FO 
membrane is low, which causes high transportation of the solute from the draw 
solution across the membrane into the feed solution. Though the capital input is low 
for this draw solution, the FO process performance is compromised. Thus the 
selection of an ideal draw solution is necessary since the ideal draw can have a high 
performance in terms of high water flux and rejection, and also low cost.  
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A number of different draw solutions were tested by researchers in the recent years in 
order to find a suitable draw solution for the different applications of the FO 
processes. A process with removable gases as draw solutions was patented as early as 
1965. The draw solutions used in the process were sulfur dioxide and ammonia. 
Sulfur dioxide and ammonia were gases at normal room temperature and also able to 
be dissolved into fresh water. The separation of those gases from water was simple. 
The conventional thermal method was able to remove the gases from water. Thus 
after the draw solutions, which contained dissolved sulfur dioxide and ammonia 
solutions, were diluted sufficiently in the FO process, a thermal process or air 
stripping process was used to remove the gases for the diluted draw solution to 
produce clean product water (Batchelder, 1965).  
 
Another patent was applied using osmotic extraction for solution concentration and 
liquid recovery after Batchelder(Glew, 1965). In this process, a mixture made from 
water and other liquid or gases was used as a draw solution. The mixture of water and 
other liquid or gas provided a two phase mixture. After the mixture drew sufficient 
water from the feed water and being diluted, a conventional thermal process was 
followed to remove the liquid and gas, and clean water was produced. Aliphatic 
alcohols and sulfur dioxide were proposed as the potential draw solution. The FO 
membrane used in the process was inorganic membrane. It was the first process that 
removal and recycling of the draw solute were considered in FO process. 
 
In 1972, a precipitable salt solution was proposed to be used as a draw solution 
because after the dilution of the concentrated draw solution, the draw solute was able 
to be removed by adding additional chemicals to form precipitates. Aluminum sulfate 
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solution, able to generate a high osmotic driving force, was tested as a potential draw 
solution. After the draw solution was diluted, calcium hydroxide was dosed into it to 
form the precipitates of aluminum hydroxide and calcium sulfate which were 
removed subsequently. Excess calcium hydroxide was used in the precipitation 
process. The excess calcium hydroxide present was removed by precipitation using 
sulfuric acid or carbon dioxide to produce calcium sulfate or calcium carbonate 
precipitates while the pH value of the solution was neutralized to 7. Clean water was 
produced after all the precipitates were removed (Frank, 1972). 
 
Glucose was chosen as draw solution for FO process study by Kravath (1975). 
Glucose is a source of energy for our human body. Thus after the concentrated 
glucose solution was diluted by water in the FO process, the diluted glucose solution 
can be consumed directly. Experiments were conducted using seawater and glucose as 
feed and draw solution, respectively. This approach can be capitalized for  emergency 
situation. For example, during emergency in a life boat, concentrated glucose solution 
can be used as the draw solution for extracting water from seawater using a FO bag. 
The draw concentration was diluted to a certain level such that it can be consumed. 
No recycle of the draw solution was considered in this case as the diluted draw was 
intended for drinking. 
 
Another two organic compounds, fructose and glycine, were used as draw solutions 
by Stache (1989). A semi-permeable membrane bag was invented by him using one 
of the two concentrated compounds as draw solute. The concentrated draw solution 
was able to generate a high osmotic pressure which could draw water from feed water. 
Thus, through the contact between the bag and seawater or other low concentration 
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water source, clean water was transported into the bag causing the dilution of the 
draw solution. The diluted draw solution could be used for drinking purpose directly. 
FO membrane was able to retain all of the contaminants from the feed water source. 
This invention could be applied to emergency situation when drinking water is in 
shortage.  
 
In 2002, two stages of FO process were studied using potassium nitrate (KNO3) and 
dissolved sulfur dioxide (SO2) as the draw solutions for the first stage and second 
stage, respectively. This two-stage FO process utilized the dependence of KNO3 
solubility on the temperature. In the first stage, a heated saturated KNO3 was used as 
a draw solution, and seawater as the feed water was also heated. Because the saturated 
KNO3 have much high osmotic pressure, water was drawn from the seawater into the 
draw solution. After this, the heated diluted draw solution was channeled into another 
chamber which used seawater to cool down its temperature.KNO3 crystals would then 
precipitate out because its solubility was much lower at a lower temperature. The 
dissolved KNO3concentration decreases with decreasing temperature. Thus the 
osmotic pressure in the solution from the crystallization process was much lower 
compared to that of the initial saturated solution. In the second stage, the low 
concentration KNO3 solution was fed into another FO process in which dissolved SO2 
was used as draw solution and the low concentration KNO3 was used as the feed 
solution. In this second stage, water was drawn by dissolved SO2 from the KNO3 
solution. As a result, the KNO3 solution was concentrated while the SO2 solution was 
diluted. A thermal process was followed to remove the SO2 from the diluted SO2 
solution to produce clean water. The solutes used in this process were 
recycled(McGinnis, 2002). The energy consumption for this process was relatively 
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intensive as the solutions have to be heated and the flux generated by dissolved SO2 
was not satisfactory.  
 
McGinnis and co-workers continued on developing an ideal draw solution for FO 
process. Ammonium bicarbonate was suggested to be used as a draw solution because 
it is able to generate as high as 250 bar of osmotic driving force, resulting in high 
water flux in the FO process. A conventional thermal process was then used to 
remove the ammonium bicarbonate in the diluted draw solution as ammonia and 
carbon dioxide, producing fresh water. The two gases were then proposed to be 
reconstituted into ammonium bicarbonate for reuse in the FO process. It was reported 
that the performance of this process was comparable to the RO desalination process 
and the energy consumption was not lower. This study revealed the potential 
application of FO process in seawater desalination. (McCutcheonet al., 2005).  
 
Besides the organics and salts, another material, magnetoferritin, was studied by 
Apaclara Ltd. in 2006 as the potential draw solution for FO process. The reason for 
this was that magnetoferritin solution was able to generate sufficient osmotic driving 
force to cause the water transportation from the feed water into it through the FO 
membrane. The separation between magnetoferritin and water could be achieved bya 
magnetic field to separate the draw solute and the product water, as magnetoferritin 
was attracted by the magnetic field due to its magnetism.  
 
Magnetic nanoparticles were also studied as draw solutions by Ling et al.(2010). The 
relation between magnetic nanoparticle surface chemistry and the osmolality was 
investigated. It was found that those particles capped with polyacrylic acid was able 
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to generate the highest osmotic pressure and the water flux produced by it was also 
the highest. After the water transportation into the draw solution and the draw 
solution was sufficiently diluted, a magnetic field was used to recycle all the 
nanoparticles back into the draw solution. It was also found that the hydrophilicity 
and sizes of the nanoparticles played an important role in determining the efficiency 
of the FO process. 
 
2-Methylimidazole-based organic compounds with a good solubility were studied by 
Yen et al.(2010) as draw solutions in the FO process. Four types of Methylimidazole-
based compounds were synthesized, with two of them being neutral and the other two 
of them being charged. It was found that the two charged compounds had better 
performance than the two neutral compounds in terms of higher water flux and lower 
reverse salt flux. It might be caused by the ionic strength of the charged compounds 
that induced water to transport across the membrane more efficiently. Between the 
two charge compounds, compound 4, with a larger molecular size than compound 3, 
had a lower reverse salt flux. These draw solutions showed a potential application in 
forward osmosis membrane distillation (FO-MD) process. 
 
2.2.3 FO applications 
FO process has been studied and proposed for use in various fields, particularly in 
water reclamation and wastewater treatment. FO process using ammonia bicarbonate 
as draw solute could be used for desalinating seawater into portable water 
(McCutcheon et al., 2005). FO-RO process, using NaCl as draw solution has been 
used for landfill leachate treatment (Osmotek Inc). It is also reported that the FO 
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process could be used for concentration of RO brine and is able to obtain high water 
recovery (Tang and Ng, 2008). FO process also can be used in food industry for liquid 
food processing (Petrotos and Lazarides, 2001). Other proposed applications can be 
found in the excellent review of FO by Cath et al. (2006). Recently, the FO process 
had been proposed for wastewater treatment and reclamation using an osmotic-
membrane bioreactor or forward osmosis membrane bioreactor (FO-MBR) 
(Cornelissen et al. 2008; Achilli et al. 2009). 
 
2.3 Membrane Bioreactor 
2.3.1 Introduction 
Membrane Bioreactor (MBR) utilizes membrane filtration process to retain the 
microorganisms in a bioreactor and allow the water and small particles to permeate 
through the membrane. It is a combination of membrane separation and biological 
treatment processes. Thus the effluent has a high water quality and with further post-
treatment, high quality industrial water can be produced. There are two types of 
MBRs, which are submerged and side-stream system. They are as shown in Fig.2.5. 
 
(a)                                                                                (b) 
Figure 2.5 Two types of membrane bioreactor : (a) side-stream; and  (b) submerged  
(Oever, 2005) 
 




Thereare some obvious advantages of MBR over conventional wastewater treatment. 
MBR and conventional activated sludge(CAS) process are showed in Fig.2.6. MBR 
system includes primary treatment, aeration tank and membrane tank. It requires less 
footprint because membrane was used in place of secondary clarification in the CAS 
process. MBR also has a higher concentration of MLVSS in the mixed liquor than 
than that of the CAS process which can have a better biological performance on 
organic degradation. The excess activated sludge produced by the MBR is less than 
that by the CAS process, which lowers the cost of treatment and disposal of the 
excess sludge. The effluent quality of MBR is high because the system utilizes 
membrane separation process to separate the suspended solids from the water. Thus 
only water and those particles with smaller size than the membrane pore size can 
penetrate the membrane and be present in the final effluent. The most common 
membranes used in MBR are MF and UF membranes. The water quality of the final 
effluent is very high in terms low chemical oxygen demand (COD), biological oxygen 
demand (BOD) and turbidity. Additionally, MBR system performance is very stable 
because no settling tank was used in the system. The settlability of the 
microorganisms in the secondary clarifier is an important factor that can determine 
the quality of the final effluent from the CAS process. Thus the quality of effluent 
from the CAS process can fluctuates as it depends on the settlability of the biomass.  
However, no secondary clarifier is used in the MBR system and membrane filtration 
process is used to achieve separation between the water and suspended solids 
effectively. Hence the effluent quality depends on the membrane performance other 
than the settlability of the microorganisms, which is more stable compared with the 
CAS process. However, MBR does have some disadvantages. Its capital cost is higher 
 
Chapter Two - Literature Review 
25 
 
than that of the CAS process due to the membrane system. In addition, the energy 
consumption of the MBR system is higher than that if the CAS process. The aeration 
requirement in MBR is higher due to the high concentration of the mixed liquor 
volatile suspended solid (MLVSS). Also, in order to minimize the fouling of the 
membranes, the additional aeration is used to scour the membrane surfaces in the 
MBR. Furthermore, MBR system needs external suction pump to provide 
transmembrane pressure (TMP) to produce the effluent. The TMP will increase with 
time as fouling of membranes becomes more severe. Thus pumping energy is another 
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Figure 2.6  MBR and conventional activated sludge processes (MANN+HUMMEL Group). 
 
 




2.3.2 MBR Fouling issues 
Membrane fouling in MBR is the most important issue when treating wastewater 
water. Foulants on the membrane surface block the membrane pores and reduce the 
rate of water from permeating through the membrane. Thus the water flux of the 
system is affected and the TMP increases. The external energy consumption to 
produce effluent increases and the life span of membranes is also shortened due to the 
requirement of more frequent membrane cleaning. Thus it is important to prevent or 
minimize the foulant formation on the membrane surface during operation.  
 
The formation of the foulants on the membrane surface can be divided into three 
stages including conditioning fouling, steady fouling and TMP jump (Juddy,2006). 
The fouling process is showed in Fig.2.7. Conditioning fouling is the first stage in the 
membrane fouling process. It is caused by the deposition of solids and other organic 
matter on the membrane surface. In an MBR, the colloids and particulates from the 
influent wastewater have a direct contact with the membrane surface, which provides 
a chance for the deposit of these solids on the surface. MBR uses an external pressure 
to extract the effluent from the mixed liquor in the reactor. As the water flows through 
the membrane pores, those solids in the mixed liquor around it also flow towards the 
membrane surface and these solid are retained on the membrane surface as their size 
are larger than the membrane pore size. Thus the solids including organic and 
inorganic from the influent and microorganisms all remains on the surface, potentially 
blocking the pores. This forms the first stage fouling, known as initial pore blocking.  
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The second stage of fouling is the steady fouling. After the first stage of fouling, 
organic matters have deposited on the membrane surface. Thus the membrane surface 
contains some nutrients for the microorganisms and they are attracted to grow on the 
membrane surface with food supply from the membrane surface. With the growth of 
the microorganisms on the surface, the cake layer which is the assembled 
microorganisms and solids from the influent forms on the surface, further blocking 
the membrane pores. 
 
The third stage of the fouling is the TMP jump. After the second stage of fouling, a 
cake layer is formed on the membrane surface which blocks certain part of the 
membrane area. The cake layer that formed on the membrane surface is usually 
unevenly, which causes the membrane surface to be partially blocked by the cake. 
The flux of the MBR is maintained using the TMP. Due to the partially blocked 
membrane surface, the effective membrane area reduces and with that, the water flux 
generated by the TMP exceeds the critical water flux of the membrane. Critical water 
flux is the flux point under which membrane fouling forms slowly and above which 
membrane fouling forms very fast. Thus after the cake formation which causes the 























Figure 2.7 Fouling processes of MBR system (Juddy,2006). 
 
2.3.3 Fouling effects 
Fouling can affect the membrane performance in a number of ways: 
 
o The water productivity decreases due to the fouling that causes filtration 
breaks and backwash are needed to remove the cake layer. For example, 
backflush was used to flash the fouling layer formed on the membrane surface 
in hollow fibre membrane modules. The flat sheet membrane modules usually 
needs relaxation, around 30 sec every 10 min of filtration (Judd, 2006; Lyko et 
al,.2008). The chemical waste resulted from the frequent chemical cleaning 
can be environmental hazards, and further treatment is needed. 
 
o Frequent chemical cleaning of the membrane due to fouling will shorten the 
life span of the membrane modules. These result in high cost of frequent 
membrane module replacement.  
 




o Energy consumption will increase with membrane fouling. As fouling 
increases, the TMP required for maintaining a constant effluent flowrate 
increases. In addition, the aeration needs to be increased in order to achieve 
effecting membrane scouring. The energy cost by the aeration takes up to 70 
percent of the total energy needed in the plant. Optimization of the energy 
consumption in a full-scale MBR plant is possible as energy was used 
optimally only 10% of the operational time, the (Drensla et al,2010 ).  
 
2.3.4 Fouling factors 
The factors that cause fouling could be categorized into three types, including 
membrane, biomass characteristics and operation (Le-Clch et al., 2006; Chang et al., 
2002).  Figure2.8 shows the relationship between the engineering decision variables 
and permeability loss. The changes of any parameter in the MBR design and 
operation can lead to the changes of biomass properties and hydrodynamics, which 
ultimately affect the permeability of the system. 
 
Among those biomass characteristics that caused fouling, recently, soluble microbial 
product (SMP) is more frequently mentioned as it has a direct relationship with the 
membrane fouling. The definition of SMP from an engineering perspective is ‘the 
pool of organic compounds that result from substrate metabolism and biomass decay’ 
(Barker, 1999). SMP were classified into two groups: UAP and BAP. UAP are 
referred to the products by substrate metabolism and biomass growth, and they 
increase proportionally to substrate utilization. BAP are referred to the products by 
biomass decay and they have a proportional relationship with biomass concentration 
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(Namkung and Rittmann, 1986).The molecular weight (MW) distribution of SMP had 
a wide range(<0.5 to >50 kDa). And the operation conditions had an important impact 
on it. More high MW substances were observed at higher MCRT (Schiener et al., 
1998). It was found that SMP was possibly more toxic than the other organic 




Figure 2.8 Inter-relationship between engineering decisions and permeability loss(Drews, 
2010). 
 
SMP contains mostly polysaccharides (PS) or carbohydrates, and proteins. These 
soluble and colloidal biopolymers are responsible for the fouling. It was reported that 
fouling was caused by the colloidal PS (Rosenberger et al, 2005; Jarusutthirak et al., 
2002). Some researchers reported that more fouling was caused by soluble PS rather 
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than colloidal organics (Wu and Huang, 2009). Also, some researchers argued on the 
factors controlling the occurrence of the SMP. It has been reported that lower 
microbial growth rates lead to higher SMP production (Evenblij et al., 2005), while 
no relationship was found between them by Laspidou and Rittmann (2002). Higher 
SMP fouling propensity was observed under unstable feed condition or limited 
substrate supply (Drews et al.,2006; Evenblij et al., 2005). 
 
High salinity of the mixed liquor also has an effect on the SMP production by 
microorganisms. The increase of salt concentration in the mixed liquor led to the 
changes of operation conditions which adversely affected the microorganisms (Lay et 
al., 2009). Only those microorganisms who were able to tolerate high salinity living 
environment survived and thrived. The decay of the microorganisms caused by the 
shock loading of high salinity contributed to SMP production (Namkung andRittmann, 
1986). An increase in the SMP production by microorganisms was observed with the 
increase of mixed liquor salinity (Reid et al., 2006; Sun et al., 2009)  
 
2.3.5 Fouling controls 
Five main strategies can be used to minimize or reduce the fouling problems in MBR. 
 
1. Applying appropriate pretreatment to the feed water 
It is very useful to apply pretreatment such as screening to treat the feed water before 
it is added into the MBR. Large particles and compounds can be removed from the 
feed water, which greatly reduces the chance for them to clog the membrane modules 
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and block membrane pores. Some large particles may have some sharp edges which 
can scratch the membrane surface if they are not removed using pretreatment process. 
 
2. Employing appropriate physical or chemical cleaning protocols 
Appropriate physical and chemical cleaning protocols are necessary in order to extend 
the duration of the membrane performance (Fig. 2.9). The purpose of physical and 
chemical cleaning is to remove the foulants on the membrane surface and clean the 
blocked membrane pores. After the cleaning, membrane performance is recovered but 
not fully. There is some extent of permanent performance lost due to irreversible 
fouling on the membrane and structural change of the membrane. These kind of 
changes are not able to be reversed even after the physical or chemical cleaning. 
Although cleaning methods cannot retrieve the performance fully, chemical cleaning 
can remove the foulants on the membrane surface effectively, achieving a high 
membrane performance recovery compared with physical cleaning. Physical cleaning 
including sponge and water jets, which is not sufficient enough to remove membrane 
foulants if the membranes are seriously fouled. A typical physical cleaning is using 
clean water to wash the membrane surface and using sponges to remove the foulants. 
However, this method is labor intensive and shows limited capability to recover the 
membrane performance after a few circles. Figure 2.9 below shows the typical 


















Figure 2.9Membrane cleaning methods (Juddy, 2006). 
 
3. Reducing the flux 
If a MBR is run below the critical flux, fouling propensity will be reduced and the 
MBR can keep working effectively for a longer period of time (Field et al., 1995). 
When the MBR is operated at a flux higher than the critical flux, the contact between 
the suspended solids and the membrane surface becomes very frequent. High TMP 
will be needed to generate the high flux, which provides a good condition for the 
attachment of the suspended solids onto the membrane surface. And due to this high 
suction force on the membrane, the solids that attached on it cannot be easily remove 
with physical cleaning. Once membrane fouled, the effective working surface is 
reduced. The reduced working surface drives the membrane to foul faster when the 
water productivity is maintained consistent. However, when the MBR is operated 
below the critical flux, the fouling process will slow down. Therefore, reducing the 
system operating flux is an effective way to reduce fouling rate and extend the 
membrane life span.  
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4. Increasing the aeration 
Aeration is the traditional way used to reduce membrane fouling of a MBR system. 
During the operation of a submerged MBR, air diffusers are fixed at the bottom of the 
reactors to supply the oxygen for the growth of microorganisms and to scour the 
membrane surface. The air bubbles are released from the bottom of the membrane 
module and they flow up along the membrane surface. Through this, it provides a 
good mixing to mixed liquor and oxygen for microorganism metabolism as well. 
Fouling is also reduced because the air bubbles that travel up along the membrane 
surface would interrupt the contact between the suspended solids and membrane 
surface. 
 
2.4 Forward Osmosis Membrane Bioreactor 
2.4.1 Introduction 
Forward osmosis membrane bioreactor (FO-MBR) process is a combination of FO 
process and MBR process to treat the used water into high quality water. A further 
reconcentration process is required to reuse the draw solution and produce fresh water. 
As shown in Fig.2.10, the FO membrane module is submerged into the bioreactor and 
the bioreactor is operated similarly to the conventional MBR. The difference between 
the conventional MBR and FO-MBR is the different membrane modules used. The 
conventional MBR utilizes a submerged MF or UF membrane module and external 
pressure is used to extract the effluent from the mixed liquor. In the case of FO 
process, a draw solution is used to circulate through the FO membrane module in the 
reactor (Fig. 2.10). Through the FO process, water molecules are drawn from the 
mixed liquor into the draw solution and the diluted draw solution will follow back 
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into the draw tank. After sufficient water is drawn through the FO process, the 
volume of the draw tank increases and the concentration of it decreases. A 
reconcentration process can be used to extract freshwater from the diluted draw 
solution while allowing the draw solute to be reused in the FO process. 
 
 
Figure 2.10 Schematic diagram of FO-MBR process with a reconcentration process 
(Achilli et al.,2009). 
 
2.4.2 Advantages and challenges 
The key advantages of FO-MBR include low energy requirement, low membrane 
fouling propensity and high contaminant removal efficiency. FO-MBR consists of FO 
process to draw water from a low concentration solution into a high concentration 
solution. Thus it does not need an external pressure to produce the effluent compared 
with the conventional MBR. The energy consumption is lower than the conventional 
MBR.  
A few researchers have reported that the fouling of FO membrane is insignificant and 
reversible (Cornelissen et al., 2007; Achilli et al., 2008; Mi and Elimelech, 2009). 
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With a backwash scheme, fouling is able to be controlled. The low fouling propensity 
is due to the fact that FO-MBR utilizes osmotic driving force instead of external 
suction force, thus the contact between suspended solids and membranes reduces and 
the solids are less likely to deposit on the membrane surface. FO membrane used in 
FO-MBR is a highly selective membrane which retains almost all solutes and 
contaminants in the feed water, and only allows water and those compounds smaller 
than the FO membrane pore sizes to pass through.  
 
The key challenges of FO-MBR includes selection of a suitable draw solution, 
development of a highly effective FO membrane, and selection of an energy-effective 
and productive reconcentration process for maintaining the draw concentration and 
producing high quality freshwater. 
 
A suitable draw solution is necessary for FO process as it can affect the water flux. As 
mentioned above, different osmotic pressures can be generated by different draw 
solution seven with the same concentration. Osmotic pressure is the driving force for 
the water transport from a low concentration solution into a high concentration 
solution. Different draw solutions cause different severity of ICP and external 
concentration polarization (ECP) to the membrane due to their different chemical and 
physical characteristics. Hence, appropriate selection of a draw solution is crucial. 
Besides, the selected draw solution must be able to be reconcentrated back to the 
starting concentration by the reconcentration process. There are a number of 
researchers working on the draw solution selection in order to find out an efficient 
and effective draw solution. Currently, magnetic nanoparticles are being investigated 
as potential draw solutions in FO process since less energy is required to recover the 
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draw solution concentration as a magnetic field is only needed to separate 
nanoparticles from water for reuse.  
 
The development of a highly effective FO membrane is also an important factor that 
can affect the system performance. FO membrane is supposed to be a highly-selective 
membrane that is able to retain almost all the solutes and contaminants in the feed 
water but only allow water molecules to diffuse through. Due to ICP and ECP, 
developing a type of FO membrane that minimizes ICP and ECP effects is necessary 
to increase the water flux and reduce the salt reverse passage. Moreover, the 
membrane must also be able to have sufficient strength for long-term operation. 
Currently, there is only one commercially-available FO membrane (HTI, Oregon) 
which is made of cellulose triacetate (CTA). Therefore, there is still a large scope for 
the development of better FO membrane.  
 
Lastly, an energy-effective and productive reconcentration process is needed if the 
draw solute is to be reused in the FO process and freshwater is to be produced as the 
end product.RO process has been proposed as a reconcentration process to 
reconcentrate the diluted draw solution (Cath et al., 2006). However, RO could be an 
energy intensive process as a high pressure is required to produce water and a draw 
solution at high concentration. Other pocesses, e.g.,NF, could also be used as 
potential alternatives for reconcentration processes depending on the type of draw 
solution used.  
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2.4.3 Current research progress on FO-MBR and needs 
FO-MBR has been extensively researched on in recent years. Cornelissen et al. (2008) 
used fresh activated sludge from a MBR reactor as feed water in the FO process to 
examine the fouling propensity of FO and the water flux behavior within 7-8 h. The 
draw solutions used in the experiment were 0.5M NaCl and 1.5M MgSO4. A 
deionised (DI) water test, using DI water as feed solution, was conducted before the 
activated sludge was added into the reactor. After the activated sludge test, another DI 
water test with the same membrane without membrane cleaning was conducted. 
Through the comparison of the three water fluxes, it was found that they were all 
within the range of 5.1–6.2 L/m2 h, indicating that both the reversible and irreversible 
fouling were not found during the FO experiments using activated sludge as a feed 
solution (Cornelissen, 2008).This FO study was a bench-scale study and the duration 
of the fouling study was only 7-8 h, which might be not be long enough for the FO 
membrane to experience fouling. In addition, the feed was not run as in a 
conventional MBR, hence the results is not representative of the performance of a 
FO-MBR for domestic wastewater treatment.  
 
After the bench-scale FO experiments with activated sludge as a feed solution, Achilli 
et al. (2009) conducted a study of osmotic membrane bioreactor (OsMBR) with a FO 
membrane module submersed into a bioreactor. A 50-g/L NaCl solution was used as 
the draw solution for the system. In order to maintain the concentration of the draw 
solution, a RO system was used and product water was also produced. After 14, 21 
and 28 d of operation, an osmotic backwash with DI water and 5 g NaCl solution was 
implemented to remove the foulants on the membrane surface. It was found that the 
OsMBR system had high TOC and NH4
+-N removal efficiencies, at 99 and 98%, 
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respectively. Additionally, fouling of the FO membrane was not severe and able to be 
controlled through the backwash. Water flux of the OsMBR showed only 18% 
reduction compared with that tested with DI water as a feed solution. Following 
backwash, 50% of the water flux loss was able to be recovered. The reverse salt 
diffusion from the draw solution into the mixed liquor was not significant. The 
increased salt concentration in the reactor was due to reverse salt diffusion. The salt 
concentration reached a stable value after 14 d. The water decline was due to 
membrane fouling. From this study, it can be seen that OsMBR had a high 
contaminant removal efficiency as the FO membrane was a highly-selective 
membrane with comparable pore sizes to those of the RO membrane. Fouling of the 
FO membrane was low. Salt accumulation occurred in the reactor due to the reverse 
diffusion of the draw solute. This is because this study was conducted using synthetic 
wastewater which did not contain any salt, thus the accumulated salt only came from 
the draw solution. 
 
Mi and Elimelech (2010) studied FO fouling with alginate as the feed solution using a 
bench-scale cross-fow test cell. Two modes (i.e., FO and RO mode) were compared in 
terms of water flux decline, and water flux recovery after the cleaning. FO mode used 
4.0M NaCl as the draw solution and RO mode used 400 psi (28.5 bar) hydraulic 
pressure to produce water. It was found that the rates of water flux decline of the two 
modes were similar and FO mode fouling was reversible. The fouling in FO mode 
was easily removed by simple water rinse, which suggested water flux recovery was 
very high. The reason for the easily recovered water flux was that the organic fouling 
on the membrane surface in the FO mode was not compact, thus the fouling was 
easily removed by rinsing the FO membrane with water. The water flux recovery of 
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FO mode was as high as 98% of the initial flux. The fouling level was reduced to a 
large extent due to the cross-flow system used in their study. Through the circulation 
of the feed water on the membrane surface, certain amount of the foulants was flushed 
off from the surface, which reduced the fouling rate.  
 
Lay et al(2009) reported that those high retention membrane bioreactors (HRMBRs) 
had a salt accumulation problem in the bioreactor. These bioreactors utilized highly-
selective membranes which only allowed water and those particles with smaller than 
the membrane pore sizes to pass through. Other particles were all retained in the 
bioreactors and these caused the increase of salt concentration in the reactor, since the 
salts in the reactors could not be discharged except through biomass wasting. The 
accumulated salts had an impact on the operation conditions. An increased salt 
concentration was detrimental to the physicochemical parameters of the systems and 
it also led to the changes in the microbial community. The microbial kinetics in the 
high salt concentration environment was slower with a lower growth yield and a 
greater endogenous decay than those in a neutral environment. The effects on the 
membrane included a reduced effective driving force, a reduced water flux and an 
impaired product water quality.   
 
There are limited studies on membrane fouling, system performance and salt 
accumulation effects on FO-MBR. It is necessary to conduct a laboratory-scale FO-
MBR study and understand the overall water treatment performance and fouling 
mechanisms of the membrane. Furthermore, there is a need to select an ideal draw 
solution for the FO-MBR. An ideal draw solution is able to provide high water flux 
and easily be regenerated by a subsequent reconcentration process, which is discussed 
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in section 2.4.2. A suitable reconcentration process also serves as an important part in 
the whole treatment process to regenerate the draw solution and produce freshwater 
which can meet the drinking water standard. It is also important to choose a high 
performance and energy-efficient reconcentration process. 
 





MATERIALS AND METHODS 
 
3.1 Introduction 
As mentioned earlier, draw solution plays an important role in the FO process as it 
generates sufficient osmotic pressures to produce water flux. It also must be able to be 
regenerated easily through a draw reconcentration process with low energy 
requirement. Thus, it is necessary to conduct experiments to select an ideal draw 
solution.  
 
Before conducting the research on draw selection, a study on the FO membrane 
module was conducted to develop a suitable design for the circulation of draw 
solution in the module. An effective FO membrane module was able to help increase 
the working efficiency of draws solution. Hence, the development of suitable FO 
membrane module was also important in improving the efficiency of FO-MBR 
systems.  
 
After the selection of module design and draw solution, the ideal FO module and 
draw solution were used in the laboratory scale FO-MBR systems. A two-pass NF 
system was used to maintain the draw concentration and produce freshwater. Three 
FO-MBRs with different MCRTs, namely 3-, 5- and 10-d, were set up in the 
laboratory to evaluate the performance and fouling of the systems.  
 




3.2 Experiment part 1: FO membrane module selection 
3.2.1 Experimental set-up 
As shown in Fig.3.1, three FO membrane modules with three different designs were 
designed, fabricated and tested to compare their performance in terms of water flux 
and reverse salt flux in the FO process. The three designs included 1-chamber, 4-





























Figure 3.2 showed the schematic diagram of the experimental set-up. A conventional 
MBR, filled with 7 L of tap water, was used with one FO membrane module 
submerged in the MBR. The FO membrane of the module was operated in FO mode, 
in which the active layer of the FO membrane faced the feed water while its support 
layer faced the draw solution. The reactor was operated as a conventional MBR. An 
aeration with 3.0 L/min of air flowrate was provided at the bottom of the reactor, 
below and in-line with the FO membrane module. The draw solutions were contained 
in a draw container placed on a balance. The balance was connected to a computer to 
automatically record down the draw tank weight every 5 min. The volume of the draw 
solution was set at 5 L at the beginning of each experiment. A level sensor was used 
to maintain the water level of the reactor. The level sensor was connected to a 
peristaltic pump (Cole-Parmer, USA) which pumped tap water from a tap water 
container into the reactor when the water level in the reactor was lower than the fixed 
7-L level. Another peristaltic pump was used to circulate the draw solution from the 
draw tank to the FO membrane modules. The actual system set-up for membrane 































3.2.2 Membrane material 
The FO membrane (Hydration Technologies Inc., Albany, OR) used was a non-
porous membrane with excellent solute rejection and was able to retain more than 99% 
of NaCl solute (Tan and Ng, 2010). As the draw solution had minimal organics and 
solids, the FO membrane module was operated in the FO mode whereby the porous 
layer of the membrane faced the draw solution and the selective layer faced the feed 
solution. This ensured that minimal contaminants were trapped within the porous 
support matrix. The membrane was made of cellulose triacetate (CTA). A SEM image 
of afresh FO membrane is illustrated in Plate 3.2. 
 
Plat 3.2 A SEM image of a fresh FO membrane. 
 
3.2.3 Operations 
A 0.7M Na2SO4 and 1.0M MgSO4were individually used as the draw solution to 
conduct the membrane module selection experiments. The 0.7M Na2SO4 and 1.0M 
MgSO4 were able to generate 33.1 and 23.1 bars osmotic pressure, respectively, as the 
driving force to draw water from the feed water. Each experiment was run for 7 h. 
 





The water and reverse salt fluxes generated by each draw solution with three different 
module designs were compared. The water flux calculation was based on the weight 
difference of the draw tank. As the water drawn by the draw solution flowed back into 
the draw tank, the weight of the draw tank increased with time after the operation. As 
the reverse diffusion of the solute across the FO membrane from the draw solution 
into the feed solution occurred, the salt concentration of the feed water increased with 
time. The increase of salt concentration in the feed water led to an increase in 
conductivity, which was monitored and converted into salt concentration. Reverse salt 
flux was calculated based on the increase in the salt concentration of the feed water.  
 
3.3 Experiment part 2: Draw selection 
Draw selection was conducted with FO and NF tests. Five types of salts, namely, 
0.7M Na2SO4, 0.7M MgSO4, 0.7MMgCl2, a mixture comprised of 0.5M MgCl2 and 
0.2MMgSO4, and a mixture comprised of 0.35MMgCl2 and 0.35MNa2SO4 were 
selected to test the water flux and reverse salt flux of the FO process, and the water 
flux and rejection of the NF process. From these FO and NF experiments, a suitable 
draw solution was selected as draw solution for the FO-MBR system. 
 
3.3.1 Draw selection – FO tests 
3.3.1.1 Experimental set-up  
The FO test experimental set-up and operation conditions were similar to those 
described in Section 3.2.1.The FO membrane used was also same as the one used in 
 




membrane module selection experiments. Through the module selection, the 6-
chamber module was finally chosen as the ideal membrane module. The selection 
results are discussed in section 4.2, and the 6-chamber module was further modified, 
with the schematic diagram as shown in Fig. 3.3. 
 
Figure 3.3 Modified 6-chamber FO membrane module. 
 
3.3.1.2 Operations  
Five draw solutions with 0.70M concentration each were individually tested. For each 
experiment, the total running time was 7 h. The conductivity of the draw solution in 
the draw tank was monitored every half an hour and samples were collected to 
 




analyze the ionic concentration. As the volume of the draw solution increased, the 
concentration of the draw solution and the water flux decreased. 
 
In order to understand the performance of each draw solution, the water flux 
generated and the reverse salt flux caused by it were calculated and compared. The 
water flux was calculated using similar method discussed earlier in Section 3.2.3. 
Conductivity of the feed was monitored with a conductivity meter (Orion Star Series, 
Thermo Scientific). The feed water samples were collected every half an hour and 
they analyzed with an ion chromatography (IC) (DX 500 system, U.S.A.). Through 
the calculation of the each ion concentration changes, the reverse salt fluxes of the 
draw solutions were calculated.  
 
3.3.2 Draw selection – NF tests 
3.3.2 Experimental set-up 
Figure 3.4 showed the schematic diagram of the NF test set-up. A draw tank was used 
to hold the draw solutions that were pumped into the NF test cell by a high pressure 
pump (HydraCell, USA). A cooler (CWA-12PTS, POMT) was used to maintain the 
temperature of the draw solution at room temperature (25oC). A flowmeter was used 
to control the draw solution flowrate at 0.5 L/min.  
 
 





Figure 3.4Schematic diagram of NF test set-up. 
As shown in Fig.3.4, the NF set-up was a recycled system. Draw solutions from the 
draw tank was pumped into the NF test cell by the high pressure pump. The pumping 
pressure was control at lower than 600 psi as the membrane maximum operation 
pressure was 600 psi. A flowmeter measured the draw solution flowrate. The two 
valves controlled the flowrate of the draw solution and the feeding pressure, 
respectively. The retentate of the NF test cell was directed back into the draw tank to 
maintain a constant flowrate. A pressure gauge (PG-2000, AVG) was used to monitor 
the feeding pressure of the draw solution. The permeate water which was obtained 
from the NF test cell was directed back to the draw tank, resulting in a constant 
concentration for the draw solution (with minimal evaporation as the draw tank was 





























Plate 3.4The NF test cell. 
 
 




3.3.2.2 Operations  
The feeding pressures used for the NF test were 600, 560 and 490psi to study the 
performances of the draw solution under different feed pressure at a fixed 
concentration of 0.70M. In addition, for each draw solution, different concentrations 
ranging from 0.3 to 0.70M were tested to investigate the permeate flux and salt 
rejection with a fixed feeding pressure of 600psi. 
 
The conductivity of permeate was measured and samples were collected and tested 
with an IC machine to investigate the salt rejection of the NF membrane for each 
draw solution. A timer and a 50-mL cylinder were used to measure the permeate 
water flux manually.  
 
3.3.2.3 Membrane material 
The NF membrane (NF, DOW)(Plate 3.5) was used in the tests and the specifications 
of the membrane are listed in Table 3.1.   
 









Table 3.1Specifications of the NF membrane. 
Operation limits  
Membrane type Polyamide Thin-Film Composite 
Maximum operating temperature  45oC 
Maximum operating pressure 600psi 
Maximum pressure drop 15psi 
pH range, continuous operation 2-11 
pH range, Short-Term Cleaning 1-12 
Maximum Feed Silt Density Index 5 
Free chlorine Tolerance <0.1ppm 
 
3.4 Experiment part 3: Laboratory-scale FO-MBRs 
3.4.1 Experimental set-up and operating conditions 
Three laboratory-scale FO-MBRs with NF post-treatment for the reconcentration of 
the draw solution were set up. The three FO-MBRs were operated at three different 
MCRT, namely 3, 5 and 10d. The schematic diagram of the system is shown in Fig. 
3.5. The actual system set-ups including FO-MBR and NF processes are shown in 
Plates 3.6 and 3.7. 
 
The feed water for the FO-MBRs was collected from the Ulu Pandan Water 
Reclamation Plant, Singapore, with the characteristics as shown in Table 
3.2.Wastewater was sieved with 1-mm pore sized sieve before added into a common 
feed tank daily and a stirrer was used to keep the feed well mixed. Seed activated 
 




sludge from the same plant was seeded into the FO-MBRs at the start of operations. 
The hydraulic retention time (HRT) used was 6 h. Compressed air at 3.0 L/min was 
supplied through the air diffuser to provide oxygen demand, good mixing of biomass 
in each FO-MBR and for scouring of membrane surface. An offline backwash and 
chemical cleaning schemes, using 0.5M NaCl solution and 0.8% sodium 
ethylenediaminetetraacetic acid (EDTA) individually for 1 h of soaking were adopted 
once weekly and mothly, respectively. A 0.1MNa2CO3solution was used as pH buffer 
solution to maintain the mixed liquor at neutral pH.  
 
Through the study on the selection of draw solution, Na2SO4 was identified as the best 
draw among the 5 different draw solution (See results and discussions in Section 4.3). 
Therefore, 0.7M Na2SO4, generating 33.1 bar osmotic pressure, was chosen as the 
draw solution for this part of the study. Two FO membrane modules, with a total 
effective surface area of 0.175 m2 was submerged into each FO-MBR. The operating 
volume of each FO-MBR was 8.39L. 
 
 
Figure 3.5 Schematic diagram of a FO-MBR system with NF reconcentration process. 
 





Table 3.2 Characteristic of the wastewater from the Ulu Pandan Water Reclamation 
Plant. 
Parameter Unit Concentration 
Conductivity  µs/cm  935.5±188.0 
TOC  mg/L  21.5±6.2 
COD  mg/L  313.6±56.2 
TN  mg/L  30.3±9.2 
NH4
+-N  mg/L  24.0±4.5 
SS  mg/L  473.3±70.3 
VSS  mg/L  396.7±55.6  
a n=40 (number of different days during which samples were taken for analysis).  
 
3.4.2 Membrane material 
The same type of FO membrane as that used in FO module selection (Section 3.2.2) 
was used in the FO-MBR studies. For the NF post-treatment process for 
reconcentrating the draw solution, TFC-SR 100 4” spiral element (Koch Membrane 
System, Inc.) and NE2540-90 2” spiral element (Woogjin Chemical Co., Ltd) were 
used in the single-stage first and second pass, respectively. 
 









Plate 3.7The Two-pass NF reconcentration system. 
FO-MBRs 
First pass NF Second pass NF 
 




3.5 Measurements and Analysis Methods 
3.5.1 Reverse salt flux 
Reverse salt flux is an indicator for the FO membrane ability in retaining the solutes. 
FO membrane shows different abilities in rejecting different solutes. Thus the reverse 
salt fluxes were measured during the FO tests on draw selection in order to compare 
the rejection performance. A low reverse salt flux indicates a high FO membrane 
rejection of the tested draw solute while a high reverse salt flux reflects a low 
rejection performance. 
 
Reverse salt fluxes were calculated based on the ionic concentration in the feed water 
during the FO tests. Tap water was used as initial feed water and the ionic 
concentrations of the feed water increased with time as the draw solutes diffused 
across the FO membrane from the draw solution into the feed water. Samples of the 
feed water were taken and each ionic concentration was measured with an IC machine. 
The reverse salt flux for each ion was calculated based on the changes of the ionic 
concentrations of the samples. Equation 3.1 shows the calculation of the reverse salt 
flux. 
                                                                           
                                                                            (3.1) 
 
where 
Fs: ionic reverse flux (gm
-2h-1) 
Wi:  increased ionic weigh (g) 
Am: effective membrane area (m
2) 















3.5.2 Water flux 
Water flux is an important parameter that reflects the system performance in water 
productivity. Water flux was measured during the FO tests on draw solution selection 
and laboratory-scale FO-MBR experiments. For draw solution selection, each draw 
solution was capable of generating different water flux at the same concentration. 
Thus, it was necessary to examine the water flux of each draw solution. For FO-MBR 
system, water flux was a useful indicator to reflect its water productivity and 
efficiency.  
 
The water flux calculation was based on the changes of the draw tank weight as 
discussed earlier. The increased water volume was obtained by dividing the increased 
draw tank weight with the water density. Equation (3.2) showed the water flux 
calculation. 
                             (3.2) 
where 
Fw: water flux (Lm
-2h-1) 
Vi :  increased water volume (L) 
Am: effective membrane area (m
2) 















3.5.3 Conductivity Analysis 
The conductivities of the water samples were monitor and recorded during the draw 
solution selection and laboratory-scale FO-MBR experiments. A conductivity meter 
(Orion Star Series, Thermo Scientific) was used to measure the conductivities of the 
samples during each experiment. 
Calibration 
A conductivity calibration curve was plotted by measuring the conductivity of each 
salt solution at different concentration. This calibration curve was found to follow a 
2nd-order polynomial relationship (results can be found in Section 4.4.2.7). Through 
the equation, the conductivity of a water sample can be converted into its 
corresponding salt concentration.  
Samples for conductivity measurement in FO tests 
During the FO test experiments, the feed water samples were collected every half an 
hour and the conductivities of the samples were recorded to calculate the salt 
concentration in the feed water. The reverse flux of each draw solute was calculated 
based on the increase of the salt concentration of the feed water over 8 h. The reverse 
salt flux calculation was depicted in section 3.5.1. The salt in the feed water was due 
to the reverse diffusion of salts from the draw solution as the FO membrane could not 
reject 100% of salt.   
Samples for conductivity measurement in NF tests 
 




The permeate samples of the NF tests were collected and their conductivities were 
measured such that the single salt rejection were able to be calculated. Through 
Equation (3.1), the rejection of the feed solution was calculated.  
Samples for conductivity measurement in Laboratory-scale FO-MBRs 
FO-MBRs suffer from salt accumulation problem due to the highly selective FO 
membrane. The conductivities of the three mixed liquors were measured daily to 
study the salt accumulation effects during operation. The measurement started right 
after the startup of the FO-MBRs to monitor the changes of the salt concentrations of 
the three mixed liquors with time.  
 
3.5.4 Salt rejection 
During the NF tests of different draw selection, permeate samples were collected and 
analyzed with an IC machine to measure the ionic concentration of each ion. The 
draw concentration was fixed at 0.3, 0.4, 0.5, 0.6 and 0.7 M. 
Single salt rejection calculation 
The conductivity of permeate water was recorded and its concentration was 
determined through a calibration curve (Section 3.5.3). The salt rejection was then 
calculated according to the following equation: 










R= salt rejection of NF membrane; 
Cp= salt concentration at the permeate side; 
 




CD= salt concentrationat the feed side.  
Mixed salts rejection calculation 
The permeate samples were collected and analyzed with an IC machine to measure 
the each ionic concentration. The rejection of the mixed salts was then calculated 
based on the difference between the amounts of the permeated ions and the ions in the 
feed solution. The mixed salts rejection is calculated according to the following 
equation: 







                 
(3.4) 
where 
R= mixed salts rejection of NF membrane; 
Np= amount of ions in the permeate; 
ND= amount of ions in the feed solution.  
 
3.5.5 Soluble microbial product and excellular polymeric substance 
quantification 
The mixed liquor samples were collected once every week. The concentrations of the 
soluble microbial product (SMP) and excellular polymeric substance (EPS)in the 
mixed liquor were measured according to the procedures outline below. Sample of 
mixed liquor was collected from each FO-MBR and centrifuged at 9,000 rpm for 10 
min at 4oC, then the supernatant was filtered through a 0.45-um cellulose acetate 
membrane. The filtrate was then measured for the soluble microbial product (SMP) 
(Ng and Ng, 2010). Heating method was used for the extraction of extracellular 
polymeric substance (EPS) (Jin et al., 2010). The carbohydrate and protein 
 




concentrations of SMP and EPS were measured in accordance to the Lowry method 
(Lowry et al., 1951) using bovine serum albumin as the standard and the phenol-
sulphuric method (Dubois et al., 1956) using glucose as the standard, respectively. 
 
3.5.6 Suspended solids, volatile suspended solids, total dissolved solids, 
chemical oxygen demand, measurements. 
Suspended solids (SS), volatile suspended solids (VSS), chemical oxygen demand 
(COD) and total dissolved solid (TDS) were measured according to the Standard 
Methods (APHA et al., 2005).  
3.5.7 Total nitrogen and  total organic carbon. 
The total organic carbon (TOC) analyzer (TOC-VCSH Shimadzu, Japan) and the total 
nitrogen measuring unit (TNM-1 Shimadzu, Japan) were used to measure the TOC 
and TN concentration of samples. 
 
3.5.8 Scanning electron microscope  and energy-dispersive X-ray spectroscopy 
observation 
A scanning electron microscopy (SEM) (JSM-5600LV, JEOL) and energy-dispersive 
X-ray spectroscopy (EDX) (INCAx-act, OXFORD) were used to study the 
components of the foulants on the FO membrane. The membrane samples were cut 
from fouled FO membranes and rinsed with distilled water before soaking in 3% 
Gultaraldehyde (GA)overnight for fixation. After this, 25%, 50%, 75%, 95% and 100% 
ethanol was consecutively used to soak the samples for 15 min each. Critical point 
drying and platinum coating were then carried out prior to SEM and EDX analysis.  
 





RESULTS AND DISCUSSIONS 
 
4.1 Introduction 
The FO-MBR study focused on the system performances in terms of contaminant 
removal efficiencies, water fluxes, salt accumulation effects on system operation 
conditions and fouling of FO-MBR under different MCRTs. 
 
Before carrying out the experiment, an ideal draw solution and a suitable FO 
membrane module design had to be selected. A suitable module design would 
improve the water flux generated by the draw solution when it travelled in the module. 
An ideal draw solution played a significant role in the performance of the FO-MBR as 
it could generate a high water flux and produce a final water of high quality using a 
suitable reconcentration  process, resulting in a low overall cost.  
 
Results on module selection included the comparisons of water fluxes and reverse salt 
fluxes among the three proposed module designs. Results on draw solution selection 
consisted of results from the FO and NF tests. The water fluxes and rejections were 
compared among the selected five draw solutions. Results on the laboratory-scale FO-
MBRs showed the system performance results, salt accumulation effects and fouling 
of the FO-MBRs under three different MCRTs.  
 
 




4.2 Results on FO membrane module selection 
4.2.1 Comparison of water fluxes of the three module designs 
Figure 4.1 showed the water fluxes generated by theNa2SO4 draw solution with the 
three membrane module designs. The initial draw solution concentration of 0.7 M was 
able to produce 33.14 bars of osmotic pressure. During operation of the system, draw 
solution concentration decreased as the volume of the draw solution increased. The 
increased volume was a result of water that was diffused across the FO membrane 
from the feed water caused by the osmotic driving force from the draw solution.  
 
The concentrations of Na2SO4 from both the 4-chamber and 6-chamber modules 
decreased from the initial concentration of 0.7M to 0.38M and 0.36M respectively, 
accompanied with derease of their corresponding water fluxes. The reason for the 
decreased concentration was explained above. The decrease of both the water fluxes 
were due to the reduced osmotic driving forces after the concentration in the draw 
solutions decreased. As mentioned earlier from Fig. 2.4 in Section 2.2.1, the osmotic 
pressure of a draw solution increases as the concentration increases. Thus a lower 
concentration in the draw solution produced a lower osmotic driving force which 
generated a lower water flux. The concentration of Na2SO4 for the 1-chamber module 
showed the smallest reduction in the concentration of the draw solution from 0.7 to 
0.6M. This is because the water that was diffused from the feed water into the draw 
solution was the least among the three module designs.   
 
From Fig. 4.1, it can be seen that the 6-chamber module produced the highest water 
flux while the 1-chamber module had the lowest water flux. The water flux of the 6-
 




chamber module decreased from 8 to 6 LMH and water flux of the 1-chamber module 
was maintained  at around 1 LMH. The 6-chamber design probably had the greatest 
effective membrane area, which allowed the highest volume of water to be diffused 
into the draw solution. Moreover, the 6-chamber design had the longest water channel, 
which indicated that the draw solution travelled the longest distance inside the 
membrane module to effectively draw more water. The 1-chamber module probably 
had the lowest effective membrane area due to large amount of dead space inside the 
membrane module where the draw solution was stagnant after having entered it. With 
short-circuiting in the 1-chamber module, the water flux generated by the 1-chamber 
module was the lowest.  
 
 




































The results of water flux on module selection experiments with MgSO4 as draw 
solution are shown in Fig. 4.2. Similar trend in water fluxes of the 4-chamber and 6-
chamber module was observed as compared with those in Fig. 4.1. Water fluxes of the 
4-chamber and 6-chamber module decreased from 5 to 3 LMH and 4.5 to 3 LMH with 
the decreases of their concentrations from 1M to 0.43 M and 0.46 M, respectively. 
The water flux of the 1-chamber module, which decreased from 3 to 2 LMH, was the 
lowest among the three module designs. The 6-chamber module had the highest water 
flux among them, which was similar to that observed with Na2SO4 as the draw solute 
(Fig. 4.1). The reasons for the decreases of the water fluxes and concentrations were 
same as that for Na2SO4 draw solution which was discussed earlier.  
 
































4.2.2 Comparison of reverse salt flux of the three FO modules 
As the FO membrane was unable to fully retain the draw solute that were tested, 
reverse salt fluxes occurred after the start of operation. The reverse flux is caused by 
the diffusion of the draw solute across the FO membrane into the feed water, causing 
an increase in the salinity of the feed water. A high salinity feed water will affect the 
operation condition and system performance in FO-MBR (Lay et al., 2009). In 
addition, high salinity would affect the microorganisms present in the FO-MBR. As 
such, it was necessary to study the reverse salt fluxes of different FO modules with 
the two draw solutions.  
 
Figure 4.3 shows the reverse Na2SO4 fluxes observed using the three FO modules. 
The reverse Na2SO4 fluxes were observed to increase with 
increasingNa2SO4concentration for all the three modules. At the start of the operation 
with 0.7M Na2SO4, the reverse Na2SO4 flux was the highest for all modules. As the 
experimental run progressed, the Na2SO4concentration in the draw solution decreased 
with time as water from the feed water diffused into the draw solution. Consequently, 
the Na2SO4 concentration difference between the draw and feed solution would 
decrease with time, resulting in reducing reverse Na2SO4 flux with time. Thus at the 
end of the each experimental run, the reverse Na2SO4 flux was the lowest because the 
Na2SO4 concentration in the draw solution was the lowest. All the three FO modules 
had reverse Na2SO4 fluxes of lower than 1 gm
-2h-1, which indicated that the FO 
membrane had a low reverse Na2SO4 flux. The highest reverse Na2SO4 flux occurred 
in the 6-chamber module with an average Na2SO4 flux of 0.8 gm
-2h-1.  The 1-chamber 
module had the lowest reverse Na2SO4flux with an averageNa2SO4 flux of around 0.4 
 




gm-2h-1 and the 4-chamber module had an average reverse Na2SO4 flux of around 0.7 
gm-2h-1. 
 
The 6-chamber module had a higher reverse Na2SO4flux than the other two module as 
it had the most effective membrane area which allowed more Na2SO4 to diffuse 
through the FO membrane. In other words, the 6-chamber design had a long draw 
solution channel, and this enabled the draw solute sufficient time to contact with the 
membrane surface, allowing the Na2SO4 to diffuse into the feed water. The 4-chamber 
module had a lesser effective membrane area and a shorter channel then the 6-
chamber module, which resulted in a lesser draw solute diffusion. As mentioned in 
the Section 4.2.1, the 1-chamber module had the lowest effective membrane area and 
shortest travel path for the draw solution. Thus the reverse Na2SO4 flux was also the 
lowest among the three modules.  
 
 








































Figure 4.4 showed the reverse MgSO4 flux using the three different modules. Similar 
reverse MgSO4 flux trends were observed for the 6-chamber and 4-chamber modules. 
The reverse MgSO4 fluxes increased as the draw concentration increased. However, 
the 1-chamber module had a reverse trend which showed that the reverse MgSO4 flux 
increased with decreasing draw concentration. The 6-chamber module had an average 
reverse MgSO4 flux of 0.6 gm
-2h-1 which was slightly higher than that of the 4-
chamber module of 5.5 gm-2h-1. The 1-chamber module had the lowest reverse 
MgSO4 flux of 0.3 gm
-2h-1.  
 
Figure 4.4  Reverse salt fluxes of MgSO4 draw solution for the three FO modules. 
 
4.2.3 Conclusion of FO membrane module selection 
FO membrane module design was studied before a suitable draw solution was 






































draw solution to transport water, improving the draw solution’s working efficiency. In 
this study, three module designs were chosen to compare their performances. 
 
From the results of water fluxes generated by Na2SO4and MgSO4 draw solutions, it 
can be seen that the 6-chamber module had the highest water flux among the three 
modules. The module with 4-chamber had a lower water flux which was due to the 
less effective membrane area. There might be some space particularly at the corners 
of channel turnings where dead zones could occur. Thus the effective working area of 
membrane would reduce. In addition, the 4-chamber module had a shorter draw 
solution travel path as compared to the 6-chamber module. The longer travel path the 
module had, the more effective membrane area available for the draw solutes to 
diffuse to the feed water. The 1-chamber module had the highest area of dead zones 
due to the presence of a single large chamber whereby draw solutions travelled along 
the shortest path in the module, resulting in lesser reverse salt flux. 
 
From the results of the reverse salt flux, it can be seen that the reverse salt fluxes 
generated by the two draw solution with the 3 modules were all lower than 1gm-2h-1. 
This was because the FO membrane was a highly selective membrane which was able 
to retain almost all the solutes with high retention rates. The 6-chamber module had a  
relatively higher reverse salt flux than the 4-chamber module because of the larger 
effective working membrane area (i.e., longer draw travel path in the module). The 1-
chamber module had the lowest reverse salt flux because of more dead zones 
occurring in the module as mentioned above. Thus, the FO membrane had a high 
performance and the reverse salt fluxes generated by the Na2SO4and MgSO4 draw 
solutions for all the three module designs were low.  
 





In conclusion, the 6-chamber module design was a better module design for the FO-
MBR as it was able to achieve a high water flux but a low reverse salt flux. FO 
membrane module design plays an important role in transporting water through 
optimizing the effective membrane area and therefore improving the water 
productivity. Very limited studies were conducted on FO module design. Thus, this 
study provides information on the effect of FO module design on water productivity. 
 
4.3 Draw selection for FO-MBR 
4.3.1 Draw selection- FO tests 
4.4.2.1 Osmotic pressures of the 5 draw solutions 
Five kinds of draw solution, namely, 0.7M Na2SO4, 0.7M MgSO4, 0.7M MgCl2, a 
mixture of0.5MMgCl2 and 0.2MMgSO4, and a mixture of 0.35MMgCl2 and 0.35M 
Na2SO4, were selected to test the water fluxes and reverse salt fluxes of the FO 
process, and the water fluxes and rejections of the NF process. Through the 
comparison of the flux in FO process and rejection in NF process, a suitable draw 
solution was selected as the draw solution for the FO-MBRs.  
 
The osmotic pressures of the 5 draw solutions at their initial concentrations are listed 
in Table 4.1. Osmotic pressure is the driving force for the water diffusion across the 
FO membrane, thus it is a key factor that affects the water flux, as mentioned earlier 
in section 2.2. The 0.7M MgCl2 draw solution generated the highest osmotic pressure, 
at 59.09 bars while the 0.7M MgSO4 generated the lowest osmotic pressure, at 
 




16.11bars. The two mixed draws, 0.5M MgCl2 and 0.2M MgSO4, and 0.35M MgCl2 
and 0.35M Na2SO4, generated rather similar osmotic pressures, at 43.64 and 42.96 
bars, respectively. The 0.7M Na2SO4 solution had a lower osmotic pressure than the 
two mixed draw solution, at 33.14 bars.  
 
Table 4.1 Osmotic pressures of the 5 kinds of draw solutes at 0.7M concentration. 
Chemical name Concentration (M) Osmotic pressure (bar) 
Na2SO4 0.7 33.14 
MgSO4 0.7 16.11 
MgCl2 0.7 59.09 
MgCl2 and MgSO4 0.5 and 0.2 43.64 
MgCl2 and Na2SO4 0.35 and 0.35 42.96 
 
4.4.2.2 Water flux 
Though the osmotic pressure is the key factor that determines the water flux, high 
osmotic pressure does not necessarily produce a high water flux. Water flux is 
affected by the feed condition, ECP, ICP, and osmotic pressure. In this study, tap 
water was used as the feed water, thus ECP was negligible. The ICP was also an 
important factor that affected the water flux produced by the draw solution. During 
the experiments, the active layer of the FO membrane, which had a dense structure, 
was facing the feed solution and the support layer, which had a porous structure, was 
facing the draw solution, which suggested that the ICP of draw solution could occur 
severely in the support layer and have a high impact on the water flux.  
 
Results in Fig. 4.5 showed that the mixed draw solution of Na2SO4 and MgCl2 and 
single drawMgCl2generated similar water fluxes, which were the highest among the 5 
 




draw solutions. Their water fluxes and concentrations dropped from 10to 7LMH and 
from 0.7 to 0.36M, respectively. This was largely due to the higher osmotic pressure 
generated by the two draw solutions which were 42.96 bars and 59.09 bars for the 
mixture of 0.5M Na2SO4 and 0.2M MgCl2 and 0.7M MgCl2, respectively.  The 
osmotic pressure generated by 0.7M MgCl2 was 16.13 bars higher than that generated 
by the mixed draw solution of 0.5M Na2SO4 and 0.2M MgCl2; however, the water 
flux produced by MgCl2 was not higher than that by the mixed draw solution of 
Na2SO4 and MgCl2, which indicated that probably MgCl2 induced higher ICP effect 
than mixed draw solution of Na2SO4 and MgCl2 which impeded the water from 
diffusing into the draw solution. Thus the water flux generated by the mixed draw 
solution of Na2SO4 and MgCl2 was reduced. MgSO4 draw solution, producing the 
lowest osmotic pressure of 16.11bars at 0.7M concentration, generated the lowest 
water flux, from around 5 to 3.8 LMH with a concentration drop from 0.7 to 0.53M. 
The lowest water flux was due to the lowest osmotic pressure it produced and the ICP 
effect as well. The mixed draw solution of 0.35M MgSO4 and 0.35M MgCl2 and 
single draw solution of 0.7M Na2SO4, which produced 43.64 and 33.14 bars osmotic 
pressure, respectively, also generated similar water fluxes which dropped from 7.5 to 
6 LMH with the concentrations decreased from 0.7 to 0.38M. The reason for the 
observation of different osmotic pressures but similar water fluxes at same 
concentration for both two draw solution was similar to that of the mixed draw 
solution of Na2SO4 and MgCl2, and single draw solution of MgCl2.  
 





Figure 4.5  Water fluxes generated by the five draw solutions in the FO tests. 
 
In conclusion, the mixed draw of 0.5M Na2SO4 and 0.2M MgCl2 and single draw 
solution of 0.7M MgCl2, producing high osmotic pressure, generated the highest 
fluxes, while the mixed draw solution of Na2SO4 and MgCl2 had a lower osmotic 
pressure than the single draw solution of MgCl2. Single draw solution of 0.7M 
MgSO4, which produced the lowest osmotic pressure, generated the lowest water flux. 
The mixed draw solution of 0.35M MgSO4 and 0.35M MgCl2and single draw solution 
of 0.7M Na2SO4also had similar water fluxes, while the single draw solution of 


































4.4.2.3 Reverse salt flux performance 
Reverse salt flux is an important parameter that reflects the retention capability of the 
FO membrane towards different draw solutions. High reverse salt flux will result in 
the increase of the salinity in the feed water which ultimately will affect the 
microorganisms and operations of FO-MBR. In addition, the increase in salinity of 
feed water will also reduce the effective osmotic pressure difference across the FO 
membrane, which will lead to a decrease in water flux. Thus it is essential to control 
or minimize the reverse salt flux of the draw solution to maintain a suitable 
environment for the growth of microorganisms and a high water permeability.  
The salt rejections of FO membrane for different draw solutes were complex as the 
FO membrane had different rejections for different ions. As such, the ions transported 
into the feed water from the draw solution did not behave linearly with the 
concentration of the draw solution. Instead, the ions diffusion from the draw solution 
across the FO membrane into the feed water is based on the MW and size of the draw 
solute and the charge balance, whereby the net charge balance of the ions diffusing 
across the FO membrane has to be equal to zero.  
 
Figure 4.6 showed the results of reverse salt fluxes of the 5 draw solutions in the FO 
tests. It can be seen that the mixed draw solutions caused a higher reverse salt flux 
than the single draw solution. The mixed draw solution of 0.5M Na2SO4 and 0.2M 
MgCl2 had the highest reverse salt flux and the single draw solution of MgSO4 had 
the lowest reverse salt flux. The mixed draw solution of Na2SO4 and MgCl2 contained 
Na+, SO4
2-, Mg2+ and Cl-, while the mixed draw solution of MgSO4 and MgCl2 
contained Mg2+, SO4
2-, and Cl-. From Fig. 4.6, it can be observed that Cl- was the 
 




major constitute of the salt fluxes of the two mixed draw solutions and SO4
2- 
contributed the least among those ions. This was because Cl- was a monovalent ion 
which had the smallest MW and size and could diffuse relatively easier across the FO 
membrane. SO4
2- was a divalent ion, and its MW and size was relative larger than the 
other ions; thus it could be easily blocked by the FO membrane. Thus less SO4
2- 
appeared in the feed water as compared to the other ions. In the mixed draw solution 
of Na2SO4 and MgCl2, Na
+ is similar to Cl-in which both are monovalent ion and had 
small MWs and sizes. Thus it also contributed a large part to the reverse salt flux. 
Mg2+, similar to SO4
2-, was divalent and had a larger MW and  size. Hence they were 
easily retained by the FO membrane and resulted in lower reverse salt flux. In the 
mixed draw solution of MgSO4 and MgCl2, which contained 3 types of ions, Mg
2+ 
was the second largest constituent of its reverse salt flux besides Cl-. As Mg2+ had a 
smaller MW and size than SO4
2-, it contributed more to the reverse salt flux than SO4
2-.  
 






































The single draws contained two kinds of ions and the ions in the feed water followed 
the charge balance theory.  The ions that diffused across the FO membrane into the 
feed water followed the same amount proportions as those in the draw solutions.  
 
It can be observed from Fig. 4.6 that the single draw solution of MgSO4 had the 
lowest reverse salt flux. This was because the large size of SO4
2-could be easily 
retained by the FO membrane. Thus only a small amount of SO4
2- diffused through 
the membrane pores. Due to charge balance, there was also only a small amount of 
Mg2+that diffused through the membrane in order to maintain the zero charge of the of 
the ions as they diffuse across the FO membrane. Hence, the single draw MgSO4 had 
a low reverse salt flux. The single draw Na2SO4 had a higher reverse salt flux 
probably because the monovalent ion Na+ with a smaller MW and size was easier to 
diffuse through the FO membrane. Consequently, SO4
2- ions were “pulled” through 
the FO membrane “pores” into the feed water to maintain a net zero charge balance. 
The single draw solution of MgCl2 had a higher reverse salt flux than Na2SO4 was 
also possibly due to the monovalent Cl- that has a small MW and size, which could 
easily diffused through the FO membrane. Mg2+ had a relatively smaller size than 
SO4
2- and travelled more easily through the pores. Thus more Mg2+ ions were “pulled” 
into the feed water across the FO membrane as compared toSO4
2-.  
 
According to Figs. 4.5 and 4.6, it can be seen that the mixed draw solution of 0.5M 
Na2SO4 and 0.2M MgCl2 and the draw solution of single solute of 0.7M MgCl2 
generated high water fluxes, but their reverse salt fluxes were also high. A high 
reverse salt flux would cause faster salt accumulation in the FO-MBR, which had a 
harmful effect on the bacterial activities and could lead to poor performance of the 
 




wastewater treatment. The draw solution of 0.7M Na2SO4, generating a lower flux 
compared with the mixed draw solution of 0.5M Na2SO4 and 0.2M of MgCl2, and a 
draw solution of 0.7M MgCl2, had a low reverse salt flux as well. Draw solution of 
0.7M MgSO4had the lowest reverse salt flux; however, the water flux generated was 
too low. It would have resulted in low water productivity if used as a draw solution in 
the FO-MBR. 
 
4.4.2.4 Conductivity of the feed water 
Conductivities of the feed water with the 5 draws were monitored. Conductivity has a 
direct relationship with the salt concentration in the water. A high salt concentration, 
generating high ionic concentrations in the water, will result in a high conductivity 
value. The conductivities of the feed water were recorded very half hour through the 7 
h of operation. A relationship between the conductivity and operation time was 
established for each draw solution. The conductivities of the feed water with the 5 
draw solution are shown in Fig. 4.7.  
 
As shown in Fig. 4.7, the results of the feed water conductivities were similar to those 
of reverse salt fluxes. A high feed water conductivity had a high reverse salt flux. The 
conductivity of feed water using the mixed draw solution of Na2SO4 and MgCl2 
increased the fastest among them, from 130 to around 1,100us/cm. It was probable 
due to the ease of diffusion of Cl- and Na+ ions into the feed water, which was 
discussed earlier in Section 4.3.1.3. The conductivity of the feed water using the 
mixed draw solution of MgSO4 and MgCl2, was slightly higher than those of the other 
three draw solutions. The feed water of the experiment using the draw solution of 
 




MgSO4 had the lowest conductivity after 7 h of operation. The reasons for this have 
been discussed in section 4.3.1.3.  
 
Figure 4.7 Conductivities of the feed water with different draw solutions. 
 
4.3.2 Draw selection- NF tests 
NF tests were performed on all the 5 draw solutions to test their regeneration 
capability and water productivity. By comparing the water fluxes and the rejection 
behavior of the NF system, a suitable draw solution was selected. The selected ideal 
draw solution for FO-MBR was able to be regenerated with the NF system easily and 
had a high water flux and salt rejection in the FO and NF processes.  
4.4.2.1 Water fluxes and rejections at different NF pressures  
Three different pressures, namely, 490psi (35bars), 560psi (40bars) and 600psi 
(42.9bars) were chosen to test the salt rejections and water fluxes of the 5 draw 


































draw solutions at different applied pressures were investigated and compared, and 
also a suitable NF pressure was selected for the FO-MBR regeneration process. The 
pressure selection was an important part in the FO-MBR regeneration process as it 
contributes greatly to the energy consumption of the water reclamation process. The 
selected NF pressure should be able to produce sufficient water flux for water 
production and acceptable energy consumption. Moreover, the NF system should 
have a high rejection of the draw solute with the selected pressure.   
 
Figure 4.8 showed the water fluxes and rejections of the 5 different draw solutions at 
3 different applied pressures. The draw solution of 0.7M MgSO4 had the highest 
rejection, maintaining 99% at the 3 applied pressures. No reduction of rejection was 
observed with decrease in the applied pressure. The high rejection of MgSO4 was due 
to its large ionic size which was retained by the NF membrane easily. The rejection of 
Na2SO4was 95, 92 and 90% at applied pressure of 600, 560 and 490 psi, respectively, 
which was slightly lower than that of MgSO4.In order words, salt rejection by NF 
membrane decreased as the applied pressure was decreased. The decrease of salt 
rejection was because the water flux decreased as the applied pressure decreased and 
the salt passage remained the same (Tan and Ng, 2010). Thus the rejection decreased 
after the applied pressure decreased. The mixed draw solution of MgSO4 and MgCl2 
had a lower rejection than the draw solution of Na2SO4, at 78, 73 and 65% at at 
applied pressure of 600, 560 and 490 psi, respectively. The rejection of mixed draw 
solutes of Na2SO4 and MgCl2 was the lowest among the draw solutions (i.e., <35% 
for all the three applied pressures of at 600, 560 and 490 psi). Such low rejection of 
mixed draw solute of Na2SO4 and MgCl2 was due to the ease of diffusion of the 
relatively smaller monovalent ions, Cl- and Na+, through the NF membrane pores. NF 
 




test on the draw solution of MgCl2 was not carried out because the osmotic pressure 
generated by the 0.7M MgCl2 was 59.09 bars, which was much higher than the 
maximum applied NF pressure of 600pis (42.9bars). In other words, recovery of water 













Figure 4.8  Water fluxes and rejections of the 5 draw solution by NF process at 3 
different applied pressures. 
 
The highest water flux was achieved from the mixture ofNa2SO4 and MgCl2, at 29, 27 
and 23 LMH at applied pressure of at 600, 560 and 490 psi, respectively. However, 
the mixture of Na2SO4 and MgCl2had a very low salt rejects. The draw solution of 
MgSO4had the second highest water flux using NF process for water recovery, i.e.,  
20, 18, 15LMH at applied pressure of at 600, 560 and 490 psi. This was because 
0.7MMgSO4 had a low osmotic pressure of only 16.11 bars, which was much lower 
than the applied NF pressures. The mixture of 0.35M MgSO4 and 0.35M MgCl2, and 
 




0.7M Na2SO4 had rather similar water fluxes, with water fluxes of 0.7M 
Na2SO4slightly higher at 600psibut lower at 560 and 490psi than those of the mixture 
of MgSO4 and MgCl2. However, the rejection of 0.7MNa2SO4 was much higher than 
those of the mixture of MgSO4 and MgCl2 at all the 3 pressure tested. 
 
Based on the results shown in Fig. 4.8, 560psi was the preferred pressure for the NF 
system as it was able produce high water flux and the salt rejections by the NF system. 
The NF system with an applied pressure of 490psi had much lower water fluxes and 
draw rejections as compared with those at an applied pressure of 560psi.  
 
4.4.2.2 Water fluxes and rejections at different concentrations 
Five different concentrations, from 0.3 to 0.7M, of the 5 draw solutions were chosen 
for assessment of their water flux and rejection performance by NF process at a fixed 
applied pressure of 600psi. Figure 4.9 showed the water flux and rejection 
performance of the 5 draw solutions at different concentrations but a fixed applied 
pressure of 600 psi. It was necessary to determine the performances of the 5 draw 
solutions at different concentrations because in the FO-MBR, the draw solution could 
be diluted to different concentrations before it was directed into the NF system to start 
salt regeneration and water production. In addition, as the regeneration was ongoing, 
the concentration of the draw solution increased gradually to the initial concentration.  
Thus with the performances of the 5 draw solutions at different concentrations, a clear 
understandings on how the water fluxes and rejections could be achieved and a 
suitable draw solution can be determined.   
 
 




From Fig. 4.9,it can be observed that draw solution of MgSO4had the highest salt 
rejection and did not change much (rejection of ~ 99%) at all concentrations. The 
reason for this has been discussed earlier in Section 4.3.2.1. The rejection 
ofNa2SO4decreased slightly as its concentration was increased and was consistently 
slightly lower than those of MgSO4. The slight decrease ofNa2SO4rejection with 
concentration was attributed to the decreasing water flux and unchanged salt passage. 
Decreasing water flux was caused by decreasing pressure differences between the 
applied NF pressure and the effective osmotic pressure of Na2SO4 (i.e., effective 
osmotic pressure of Na2SO4increased as its concentration increased). However, the 
salt passage across the NF membrane was found not affected by the effective osmotic 
pressure. Therefore, the solute concentration in the permeate increased as the draw 
concentration increased. The mixture of MgSO4 and MgCl2 had a lower rejection than 
Na2SO4, and its rejection also had a decreasing trend. The rejection of MgCl2 was 
lower than the mixture of MgSO4 and MgCl2. The mixture of Na2SO4 and MgCl2 had 
the lowest rejection performance at all concentrations among all the 5 draw solutions, 
which was lower than 50%. The reason for the low rejection performance has been 
discussed earlier in section 4.3.2.1. 
 
 





Figure 4.9  Water fluxes and rejections of the 5 draw solutions at different 
concentrations by a fixed applied pressure of 600 psi. 
 
The water fluxes of the 5 draw solutions all decreased with increasing concentrations. 
The decrease in water fluxes were caused by the decrease in effective osmotic 
pressures. The mixture of Na2SO4 and MgCl2 had the highest effective osmotic 
pressure yet the rejection was the lowest. MgCl2 had a low water flux and a low 
rejection. 0.6 and 0.7M MgCl2 had too high osmotic pressures which the applied NF 
pressure of 600 psi was not sufficient to extract water out from them. The water flux 
of single Na2SO4 was higher than Na2SO4&MgCl2. The water flux ofMgSO4 was 
higher than that of Na2SO4 at a concentration of 0.3M and they were similar at 0.4M. 
However, MgSO4had higher water fluxes than Na2SO4 at concentration of 0.5, 0.6 and 
0.7M.  
 




4.3.3 Draw selection conclusion 
Draw solution serves as a key role in the FO process owing to the driving force, 
known as osmotic pressure, it produces. With a variety of draw solutions, various 
osmotic pressures as well as reverse salt fluxes are produced in the FO process. Hence, 
it is necessary to choose a suitable draw solution for FO-MBR. 
 
From the results of FO tests, it has been concluded that the mixture of Na2SO4 and 
MgCl2, and draw solution of MgCl2 had high water fluxes, while the mixture of 
MgSO4 and MgCl2, and draw solution of Na2SO4 had relatively lower water fluxes. 
However, the reverse salt fluxes of the two mixtures were higher than the single draw 
solute. Single draw solution of Na2SO4 had a lower reverse flux than that of draw 
solution of MgCl2. The water flux produced by draw solution of MgSO4 was too low 
although it had a very low reverse flux.  
 
From the results of NF tests, it has been showed that draw solution of MgSO4 had the 
highest rejection with a fairly high water flux. Draw solution of Na2SO4 also had a 
quite high rejection while the water flux was similar to the mixture of MgSO4 and 
MgCl2. However, the rejection of the mixture of MgSO4 and MgCl2 was lower than 
that of the draw solution of Na2SO4. The mixture of Na2SO4 and MgCl2 had the 
highest water flux yet the rejection was the lowest.  
 
In conclusion, single draw Na2SO4 was a suitable draw solution for FO-MBR as it 
produced high water flux as well as salt rejection in both the FO and NF tests. A 
number of studies on draw solution selection were conducted by researchers. 
However, there is no best draw solution that is applicable to all the processes. Each 
 




process requires different draw solution to maximize its performance. For this study, 
the FO process was coupled with NF process as the post-treatment, thus Na2SO4 was 
the most suitable draw solution for the process in terms of high water flux and 
permeate quality.  
 
4.4 Laboratory-scale FO-MBR experiments 
4.4.1 Phase 1: FO-MBR without backwash scheme (39 d) 
With the selected 6-chamber module design and single draw Na2SO4 as suitable draw 
solution,  the phase 1 laboratory-scale hybrid FO-MBR coupled with NF system (FO-
MBR-NF) was set up to evaluate the quality of the product water. No backwash 
scheme and chemical cleaning were implemented as the FO membrane was reported 
to have a low fouling propensity. Concurrently, the operating conditions of the system 
were studied and optimal conditions were recommended based on this study. Three 
systems with different MCRTs, namely, 3, 5 and 10d, were operated over a period of 
39 d and the quality of the product water were monitored.  
 
4.4.1.1 Conductivity of feed and mixed liquors 
Figure 4.10 showed the results of conductivities of feed and mixed liquors at different 
MCTRs. It is clear from the figure that the feed conductivity was maintained at an 
almost consistent value with minor fluctuations. The conductivities of the three 
MCRTs all increased as the operation time increased, with the longest MCRT (10-d) 
having the most significant increase and the shortest MCRTs (3-d) having the lowest 
increase. This finding is in good agreement with the findings by Lay et al. (2009), 
 




who noted that high rejection membrane provides high level of separation but also 
causes salt accumulation and may affect operation. The increases of conductivity were 
due to the high retention performances of FO membrane and reverse diffusion of draw 
solutes into the mixed liquor. FO membrane is a highly selective membrane which 
was able to retain most, if not all, of the solutes and contaminants. Thus salts from the 
feed wastewater were not able to penetrate through the membrane pores and retained 
inside the reactors, which caused the conductivities to increase. Biomass wasting was 
the only way for the salts in the mixed liquors to be discharged. Thus the longest 
MCRT, which had the least biomass wasting frequency, had the highest salt 
accumulation, while the shortest MCRT had the lowest salt accumulation.  
 
The conductivities of the mixed liquor of all FO-MBRs decreased after 10 d of 
operation, but increased again after another approximately 8 d of operation. This was 
probably due to the fluctuation of salt concentration of the influent wastewater. The 
conductivities of the mixed liquors were sensitive to the fluctuation of the feed salt 
concentration. If the incoming salts were less than the discharged salts, the 
concentration of the mixed liquors would decrease, which would lead to the decrease 
of their conductivities.  
 





Figure 4.10  Conductivity of the feed and mixed liquors of FO-MBRs at different 
MCRTs. 
 
4.4.1.2 Water fluxes of the FO-MBRs at different MCRTs 
Figure 4.11 showed the results of water fluxes of the FO-MBRs with different 
MCRTs. Regardless of different MCRTs, water fluxes of all the FO-MBRs were 
rather similar. Water flux declines occurred in all FO-MBRs with operating time, 
reducing from 4.2 LMH to around 2.5 LMH. The water flux decline was attributed to 
the reduced osmotic pressures across the FO membranes and membrane fouling. 
Firstly, the decreases of effective osmotic pressures were caused by the increases of 
salt concentrations, and hence osmotic pressures, in the mixed liquors of the FO-
MBRs. The increases of osmotic pressures in the mixed liquors led to the decreases of 
the effective osmotic pressures which were the driving force of the water diffusion 
across the membranes. The increase in salt concentrations in the mixed liquors was 
due to the high salt rejection of the FO membranes and the reverse salt diffusion from 
































overall effective osmotic pressures across the FO membrane were reduced and hence 
the water fluxes generated were also reduced.  
 
Figure 4.11 Water fluxes of the three FO-MBRs at different MCRTs. 
 
4.4.1.3 Final permeate water quality and rejections for FO-MBR-NF system. 
Results in Table 4.2 show that more than 99.6% of organics (in terms of TOC) was 
removed by the FO-MBR-NF systems. Similarly, high solute rejection produced a 
high quality final permeate with TDS and conductivity of less than 275 mg/L and 297 
µs/cm, respectively. This indicated that good quality reclaimed water could be 
produced from the hybrid FO-MBR-NF treating domestic wastewater. However, 
nitrate level in the permeate was relatively high. The reasons for the high TN value in 
the final permeates were elaborated later in Phase 2of the FO-MBR experiments 
(Section 4.4.2.1). Further development of the hybrid FO-MBR-NF process should 



































Table 4.2  Water quality of the final permeate and rejections for the hybrid FO-MBR-NF system. 
FO-MBR-NF 1 2 3 
MCRT  in MBR (d) 3 5 10 
Permeate quality    
TOC (mg/L) < 1 < 1 < 1  
TN (mg/L) 23.0±6.5 25.1±6.1 24.6±4.8 
TDS (mg/L) 225.2±83.2 243.3±50.5 275.0±64.5 
Conductivity ( S/cm)  285.1±70.6 284.8±60.8 296.7±60.4 
Rejection       
TOC (%) 99.7±0.7 99.9±0.1 99.8±0.4 
Salt (%) 99.6±0.1 99.7±0.1 99.7±0.1 
 
 
4.4.2 Phase 2:FO-MBR with a weekly backwash  and monthly chemical 
cleaning schemes (120 days) 
Similar to Phase 1, three MCRTs of 3, 5 and 10d, were conducted to investigate the 
effects of different MCRTs on the performance of FO-MBR on domestic wastewater 
treatment. In Phase 2 study, a weekly backwash and monthly chemical cleaning were 
implemented to remove the foulants and reduce the effect of them on system 
performances.  
 
4.4.2.1 Performance of FO-MBR on domestic wastewater treatment 
From Table 4.3, it can be seen that the treatment results were similar to those found in 
Phase 1 (Table 4.2). All the three FO-MBR-NF systems showed similar treatment 
results even with different MCRTs. Similar contaminant removal efficiencies were 
achieved, with TOC and COD removal efficiency of more than 95% and 97% 
respectively. High organic removal efficiencies were achieved because the organic 
matters in the FO-MBRs were retained effectively by the FO membrane which had 
high solute rejection and the organics can be effectively degraded by microorganisms. 
 




These findings are consistent with the findings reported by Achilli et al. (2009). The 
ionic conductivities and TDS concentration of the final permeate from the three FO-
MBR-NF systems were all lower than 500 us/cm and 400 mg/L, respectively, which 
both met the WHO drinking water guidelines.  
 
However, the TN concentration in the final permeates of the three FO-MBR-NF 
systems were above 22 mg/L, which suggested that there were very limited nitrogen 
removal efficiencies. Accordingly to the results in Table 4.3, elevated NO3
--N 
amounts were observed in all the product waters, which indicated that TN in the 
product waters were primarily consisted of NO3
-. There were high concentration of 
ammonium-nitrogen (NH4
+-N) in the feed wastewater but none in the final product 
water, which suggested that nitrification occurred in the FO-MBRs. This findings is 
consistent with the others which reported that the FO-MBR is able to nitrify above 98% 
of ammonium-nitrogen (Achilli et al. 2009). A previous study on FO membrane 
solute rejection indicated that FO membrane was not effective in retaining NO3
- ions, 
with about 5-10 times higher NO3
- salt flux than most other salts (Hancock and Cath 
2009). Hence, NO3
- in the FO-MBRs diffused through the FO membrane and 
accumulated in the draw solutions. During the reconcentration process, it diffused 
through the NF membrane and finally appeared in the final product water. Therefore, 
it is recommended that the FO-MBR should be operated in a pre-anoxic mode to 
introduce denitrification for removal of TN (and nitrates) in order to produce a final 
product water from the NF process low in nitrate. 
 
 









4.4.2.2 Water flux and salt retention in the FO-MBR 
The weights of the three draw solution tank of the FO-MBRs were recorded daily and 
the daily average water flux of each FO-MBR was calculated accordingly. Since 
reconcentration of the draw solutions were carried out every 3 d, the first day average 
water fluxes of the 3 FO-MBRs after reconcentration are shown in Fig. 4.12. The 
conductivities of the three FO-MBRs were monitored daily and the results are shown 
in Fig. 4.13. From Fig. 4.12, it can be seen that all the three FO-MBRs showed water 
flux decline over 120d of experimental run with the FO-MBR running at 10-d MCRT 
having the most decline. The FO-MBRs operating at 3-d and 5-d MCRTs had similar 
fluxes throughout the whole operation period. The water flux declines were caused by 
the decreasing effective osmotic pressures and membrane fouling, which were 
discussed earlier in the Phase 1on FO-MBR experiments (Section 4.4.1.2). 
 
Figure 4.13 showed that the conductivities of the mixed liquors in all the three FO-

















3 415.8±59.6 <1 8.1±7.6 353.3±53.9 24.23±4.9 27.35±6.8 
5 409.4±79.6 <1 5.3±5.6 300.8±81.2 26.01±5.1 28.12±8.1 
10 456.5±76.9 <1 5.9±6.9 379.2±69.3 31.90±4.8 34.42±12.4 
a n=40(number of different days during which samples were taken for analysis).  
 




FO-MBR operated at 10-d MCRT, which became stable at around 20,000 us/cm, 
while the mixed liquor of the FO-MBR operated at 3-d MCRT had the lowest 
conductivity of about 5,200 us/cm. The conductivity of the feed wastewater was 
maintained relatively stable at around 900 us/cm throughout the operation period. 
Higher operating MCRT had a higher salt accumulation occurring in the FO-MBR. 
The reasons for the increases of conductivities in the mixed liquor with increasing 








































Figure 4.13. Conductivity of the feed wastewater and mixed liquors of the three FO-
MBRs. 
 
4.4.2.3 Normalized water flux – the fouling indicator 
Membrane fouling is another factor that contributes to the reduction of water flux of 
the FO-MBR. However, minor fouling was found on the membrane surface for all the 
three FO-MBRs and the foulants on the membrane surface were loose. The weekly 
backwash and monthly chemical cleaning of the FO membrane were able to visibly 
remove most of the cake layer on the membrane surface. Plate 4.1 showed the three 
membrane modules before and after backwash. In order to differentiate between the 
flux decline caused by the decrease in the overall effective osmotic pressure and 
membrane fouling, a normalized water flux was used to evaluate the fouling effect on 
the performance of FO-MBR and the results are shown in Fig. 4.14. Normalized flux 



































Figure 4.14  Normalized water flux of the three FO-MBRs operated at three different 
MCRTs. 
As shown in Fig. 4.14, normalized water fluxes were all similar for the three FO-
MBRs, and were maintained at around 0.15 Lm-2h-1bar-1. With the normalized fluxes, 
water flux declines due to decreases in osmotic pressure difference or driving force 
can be eliminated. According to Fig. 4.14, minimal flux decline due to fouling was 
observed. Fouling on the membranes were negligible probably because the FO 
process utilized osmotic pressure as driving force to diffuse water from the feed water 
as opposed to  hydraulic pressure in the conventional MBR. Thus, it can be concluded 
that the flux decline was mainly due to the decrease in the osmotic pressure difference 
rather than membrane fouling. 
 
FO membrane has been reported to have a low fouling propensity and the foulants 
were easier to be removed (Cornelissen et al., 2007; Achilli et al., 2008; Mi and 


































other researcher. From Plate 4.1, it can be observed that membrane fouling of all the 
three FO-MBRs was not severe before backwash. And the foulants on the membrane 
surfaces were all able to be removed after the backwash. The results were consistent 
with those of normalized water flux which indicated that the water flux decline caused 



























                  Before backwash                                          After backwash 
Plate 4.1 Photographs of the FO membranes from the three FO-MBRs before and after 
backwash on day 105. 
 
 




4.4.2.4 Low fouling FO-MBR process for domestic wastewater treatment 
As the salt concentration in the mixed liquor increased, the operation conditions were 
changed. The performance of microorganisms was affected by the accumulating 
salinity in the FO-MBRs. According to Fig. 4.15, the MLVSS of all 3 FO-MBRs 
started to decline immediately after the seed activated sludge was introduced and 
increased in SMP concentration (in terms of TOC concentration) were observed after 
the start of the operation. The decrease in MLVSS was most probably because of the 
sudden increase in salinity in the mixed liquor whereby viable microorganisms started 
to decrease. Those with adequate salt tolerance can adapt and thrive in the high salt 
concentration environment (Lay et al., 2009). The difference of MLVSS among the 
three FO-MBRs with different MCRTs was not significant. The FO-MBR operated at 
10-d MCRT had the highest MLVSS, while the FO-MBR with 3-d MCRT had the 
lowest MLVSS.  
 





























Table 4.4 showed that TOC of the supernatants from the mixed liquors of the FO-
MBRs increased with the increasing of MCRT. For longer MCRT, and possibly due 
to the shock loading in the salinity in the FO-MBR, the activities of the 
microorganisms were affected and more SMP were produced. This finding is in good 
agreement with the findings by Reid et al. (2006) and Sun et al. (2010) who reported 
that SMP increased with the increase of salinity in bioreactors. In addition, the lysis of 
the cells contributed to the SMP concentration (Namkung, 1986). Although the SMP 
concentrations of the three FO-MBRs were different, flux declines due to membrane 
fouling remained the same (Fig. 4.14). This is possibly due to the fact that FO-MBR 
uses an osmotic driving force for water diffusion, and when compared with the 
conventional MBR that utilizes suction force to extract water, less foulants might 
adhere onto the surface of the membrane.  
 
In addition, as carbohydrate and protein are the main constituents of the mixed liquor 
supernatant TOC, they both also increased with increasing MCRT. This finding is in 
good agreement with the finding by Ng et al (2006). The ratio, protein over 
carbohydrate, showed that the protein compounds have a higher proportion in the 
mixed liquor supernatants. Figures 4.16 and 4.17 showed the changes of SMP protein 
and carbohydrate concentrations after the increases of salt concentrations in the mixed 
liquors of the FO-MBRs. It is clear that after the start of the FO-MBR operation, with 
the increases of the conductivities of the mixed liquors, both the concentrations of 
protein and carbohydrate in the SMP in the mixed liquor of the three FO-MBRs 
increased. This was due to that the high salinity environment stressed microorganisms 
and caused them to produce more proteins and carbohydrates.  
 
 






Figure 4.16 Changes in protein concentration in the SMP of the three FO-MBRs. 
 
 



























































































Table 4.4  Mixed liquor supernatant characteristics and MLSS at different MCRTs. 
a
 









3 1.9±0.6 0.7±0.1 41.8±8.2 36.4±11.5 55.4±9.1 1.5±0.3 
5 2.4±0.8 0.6±0.6 55.2±7.4 42.9±9.3 72.1±13.3 1.6±0.4 
10 3.3±1.4 0.6±0.1 92.2±9.7 58.4±20.1 103.6±25.6 1.7±0.4 
a n=17(number of different days during which samples were taken for analysis). 
 
Table 4.5 showed that EPS concentration per unit of biomass had an inverse relation 
with the MCRT. The TOC of the EPS and its carbohydrate and protein concentrations 
per unit of MLVSS decreased as the MCRT was increased. This finding agrees with 
the EPS finding by Ng et al. (2006) who noted that at short MCRT, the unused excess 
substrates might be converted into both intracellular storage granules and EPS, 
contributing to the EPS concentration per unit of biomass. However, it was reported 
that with short MCRT, the microorganisms in the MBR was experiencing rapid 
growth and the rate of biomass growth was faster than the rate of EPS production, 
which caused the lower EPS concentration per unit of biomass (Ng and  
Hermanowicz, 2005). The ratio of protein over carbohydrate indicates that the EPS 
per unit of biomass contains more protein than carbohydrate, which is similar to those 









Table 4.5 EPS concentration at different MCRTs. 
a 
 
4.4.2.5 SEM/EDX results 
The fouled membrane samples were taken from the FO membrane modules of the 
three FO-MBRs after the systems had been shut down, and were prepared to conduct 
the SEM and EDX tests. Through the SEM and EDX results, the foulants morphology 
and element components were studied. Salt accumulation occurred in all the three FO-
MBRs and it had an impact on the microorganisms and other operation conditions, 
which might lead to the changes of the foulants on the membrane surfaces. The 
membrane samples were prepared and 3,000 magnifications was chosen for the SEM 
to observe the foulants. C, O, Na, Mg, Al, P, S, K, Ca, Fe and Cu element weight and 
atomic percentages in the foulants were obtained through the EDX tests. 
 
As shown in Plate 4.2, some bacteria and organic matters could be found in the 
membrane foulants. From the EDX results, it can be seen that element C and O were 
the dominant element constituents in the membrane foulants of the FO-MBRs 
operated at 3-d and 5-d MCRT. Except C and O elements, the weight and atomic 
percentages of the other elements were all very low. The weight percentages of 
element P, which were 3.41% and 3.14% for the 3-d and 5-d MCRT FO-MBRs, 
MCRT 




Protein                      
(mg BSA/g MLVSS) Protein/Carbohydrate 
3 39.8±17.1 21.9±7.4 73.1±19.3 3.5±1.1 
5 37.6±12.8 21.3±4.1 61.2±12.3 2.9±0.6 
10 36.2±18.6 20.3±5.2 56.5±13.7 3.0±1.1 
a n=17(number of different days during which samples were taken for analysis). 
 




respectively, were slightly higher than other elements. Element P probably came from 
the influent wastewater because it contained phosphate (P04
3-). The draw solutions 
used in the three FO-MBRs were Na2SO4 which contained Na
+ ion. Na+ was also 
contained in the influent wastewater. However, just a small percentage of Na+ was 
found in the foulants. This is possibly because of the high solubility of Na+.  
 
From the SEM image of the foulants on the 10-d MCRT FO membrane, not only 
organic matters and microorganisms but also crystal-like components were observed 
in the foulants. Through the EDX result, it was found that the dominant element in the 
foulants was Ca, with a weight percentage at 65.61% of all the elements instead of C 
and O elements which were found dominant in the foulants of 3-d and 5-d MCRT FO 
membranes. Element C and O weight percentages were only 11.90% and 17.08% 
respectively, in the foulants on the 10-d MCRT FO membrane. The high weight 
percentages of Ca, and the presence of C and O suggested that the crystal-like 
components could be calcium carbonate (CaCO3). CaCO3 has a low solubility and is 
easily precipitated when its concentration reaches saturation. As discussed in Section 
4.4.2, the FO-MBR operated at 10-d MCRT had the highest salt concentration in the 
mixed liquor and the salts came from the influent wastewater and reverse diffusion of 
the draw solution. Hence, scaling phenomenon possibly occurred in the 10-d MCRT 
FO-MBR. Since the draw solution was Na2SO4, the Ca
2+ and CO3
2- ions were likely 

































































Plate 4.2  SEM images and EDX results of membrane foulant samples from the three 
FO-MBRs. 
 
Element Weight% Atomic% 
C 49.74 60.68 
O 35.15 32.19 
Na 1.29 0.82 
Mg 0.26 0.16 
Al 3.06 1.66 
P 3.41 1.61 
S 0.83 0.38 
K 0.21 0.08 
Ca 1.78 0.65 
Fe 1.74 0.46 
Cu 0.02 0.00 
Totals 100.00  
Element Weight% Atomic% 
C 47.31 56.22 
O 34.54 30.81 
Na 0.42 0.26 
Mg 0.09 0.05 
Al 1.35 0.72 
P 3.14 1.45 
S 0.42 0.19 
K 0.07 0.03 
Ca 2.37 0.84 
Fe 0.66 0.17 
Cu 0.08 0.02 
Totals 100.00  
Element Weight% Atomic% 
C 11.90 25.63 
O 17.08 27.63 
Na 0.00 0.01 
Mg 0.02 0.03 
Al 2.29 2.20 
P 1.73 1.45 
S 0.04 0.03 
K 0.11 0.08 
Ca 65.61 42.37 
Fe 1.31 0.61 
Cu -0.18 -0.07 
Totals 100.00  
 





4.4.2.6 Effect of backwash on fouling control 
Effect of fouling control using backwash was studied. The 5-d MCRT FO-MBR was 
chosen to study the efficiency of fouling control and water flux recovery. The 5-d 
MCRT FO-MBR was run continuously with three different backwash schemes, 
namely, weekly, bi-monthly and monthly backwashes, conducted sequentially. Each 
backwash scheme lasted around 60 d. Normalized water fluxes, which were discussed 
earlier in Section 4.4.2.3 were calculated for the three backwash schemes and the 
results are shown in Fig. 4.18. The rate of change of the normalized water fluxes 
reflected the severities of water flux declines caused by fouling.  
 
As shown in Fig. 4.18, the overall normalized water flux of 5-d MCRT FO-MBR 
showed a decline throughout the 195 d of operation, dropping from 0.17 to 0.11 L m-2 
h-1 bar -1.  This decrease was largely due to irreversible membrane fouling, and 
possibly a small extent of scaling which was mentioned earlier in Section 4.4.2.5. 
Scaling on the membrane might have resulted from salt accumulation in the mixed 
liquor, which contributed to the reduction of the normalized water flux. According to 
Fig. 4.18, an average flux recovery of more than 90 percent was achieved in the 5-d 
MCRT FO-MBR with weekly and bi-monthly backwash schemes. For the case of 
monthly backwash scheme, a lower average flux recovery of only around 75 percent 
was observed. This was attributed to greater irreversible fouling formed on the 
membrane, prohibiting the diffusion of water molecules through the membrane, over 
a one-month of operation without backwash. Thus, the normalized water flux of 5-d 
MCRT FO-MBR with monthly backwash showed greater normalized water flux 
 




decline compared to those of the weekly and bi-monthly backwash schemes.  
Therefore, a bi-monthly backwash scheme is a relatively more appropriate option of 
membrane cleaning for the 5-d MCRT FO-MBR when considering the frequency and 




Figure 4.18  Normalized water fluxes of 5-d MCRT under different backwash schemes 
(The arrow showing the day on which backwash was carried out).  
 
 
4.4.3 Conclusion of the laboratory-scale FO-MBR study 
Two phases of FO-MBR study, including Phase 1 - 39 d of continuous operation 
without backwash and Phase 2 - 120 d of operation with three different backwash 
schemes, were carried out to investigate the performance and the fouling of FO-
MBRs with three MCRTs, namely 3-, 5- and 10-d. The following conclusions can be 
made: 
 
1. All the three FO-MBRs, in spite of the difference in MCRTs, had high TOC 
and COD removal efficiencies, above 95 and 97%, respectively. In addition, 










































drinking water guidelines. However, total nitrogen (nitrate-nitrogen) showed a 
low removal efficiency which suggested that FO-MBR needs to be operated 
with a pre-anoxic mode to enhance the nitrogen removal efficiency.   
 
2. FO-MBRs with three different MCRTs showed significant water fluxes 
decline and these were mainly due to the reduced effective osmotic pressure 
difference across the membrane. Membrane fouling of the three FO-MBRs 
had a minimal effect on the water flux decline. 
 
3. SMP and EPS showed different trends with the increase of MCRT of the FO-
MBR. SMP increased as MCRT was increased, while EPS decreased as 
MCRT was increased. Regardless of the effect on SMP and EPS, fouling of 
the three FO-MBRs were similar. 
 
4. The SEM and EDX results showed that the foulants on the FO membrane 
surface of the FO-MBRs operated under 3-d and 5-d MCRTs were generally 
microorganisms and organics. Those from the 0-d MCRT FO-MBR contained 
not only the microorganism and organics, but also crystal-like substances 
which probably were CaCO3 according to the EDX results.  
 
5. Results of backwash effect on fouling control showed that the weekly and bi-
monthly backwash schemes for the FO-MBR achieved an average flux 
recovery of above 90 percent, and monthly backwash achieved a lower flux 
recovery of around 75 percent.  
 





CONCLUSION AND RECOMMENDATIONS 
 
5.1 Conclusion 
FO-MBR is proposed as an alternative for wastewater treatment because less energy 
is required when compared to the conventional MBR. This study investigated the 
performance of FO-MBR on treating domestic wastewater as well as the FO 
membrane fouling propensity. It showed the great potential of FO-MBR in domestic 
wastewater treatment. Before the experiments for the FO-MBR with a nanofiltration 
as post-treatment were conducted, an optimal FO module configuration and a suitable 
draw solution for the FO process were selected.  
Module selection 
Comparisons of the results of the water and reverse salt fluxes, the 6-chamber module 
configuration was the optimal option for FO-MBR among the three configurations 
tested, as it achieved a high water flux and maintained a low reverse salt flux.  
Draw selection 
From the results of the FO and NF test, Na2SO4 was identified as the most appropriate 
draw solution for the FO-MBR, as it generated a fairly high water flux in the FO and 
NF processes, and a low reverse salt flux, compared to the other 4 draw solutes tested.  
 




Laboratory-scale FO-MBR study 
FO-MBR had high TOC, COD and TDS removal efficiencies as a consequence of the 
non-porous FO membrane. However, high total nitrogen (nitrate-nitrogen) in the draw 
solution and final NF permeate suggested that the FO-MBR has to be operated with a 
pre-anoxic mode to enhance the nitrogen removal efficiency. All the three FO-MBRs 
showed water flux decline, which was largely attributed to the reduced effective 
osmotic pressure difference across the membrane. Fouling of the FO membrane had a 
minimal effect on the water flux decline. SMP and EPS showed different trends with 
an increase in the operating MCRT of the FO-MBR. SMP increased as the MCRT 
was increased, while EPS decreased as the MCRT was increased. Foulants from the 
10-d MCRT FO-MBR contained both organic and microorganisms, and crystal-like 
substances which probably were CaCO3 according to the EDX results. Weekly and bi-
monthly backwash schemes for the FO-MBR were sufficient for the FO membrane 
cleaning, providing a higher normalized water flux recovery of above 90 percent, as 
compared to the monthly backwash scheme. Thus bi-monthly backwash scheme is the 
appropriate option of membrane cleaning for the 5-d MCRT FO-MBR. 
 
5.2 Recommendations 
There are a few recommendations for future research on FO-MBR coupled with a NF 
post-treatment process, for wastewater treatment. 
 
In this study, three FO membrane modules including 1-chamber, 4-chamber and 6-
chamber designs were assessed to determine the optimal configuration. For future 
 




research, more FO module configurations can be developed to optimize the working 
efficiency of the draw solution.  
 
Five kinds of solutes were chosen in this study to determine the most appropriate 
draw solution for the laboratory-scale FO-MBR-NF system. For future draw solution 
selection studies, a wider variety of draw solution including organic and inorganic, 
and nanoparticles can be investigated.  
 
The results of the laboratory-scale FO-MBR experiments obtained in this study 
showed a low total nitrogen (nitrate-nitrogen) removal efficiency, which indicated 
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